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ABSTRACT 
Key words: bentonite; cement; grout; slurry; shear strength; shear vane; 
prediction model. 
Bentonite/cement grouts and slurries are used in the civil engineering industry 
in various ground engineering processes. The specifications usually require 
a minimum compressive strength or shear strength at 28 days age. The 
interaction between the materials namely bentonite, cement and water is 
complex; both the bentonite content and the cement content of the grout affect 
the development of shear strength. 
An investigation of the development of shear strength has been made for a 
range of grouts with bentonite contents from 5% to 20% by weight of water 
and water/cement ratios from 4 to 12. The shear strength was measured at 
various ages up to 336 days age using a Pilcon hand held shear vane tester, 
for many grout mixes the shear strength was still increasing at 336 days age. 
Two mixes were placed in vertical plastic pipes in order to investigate how 
shear strength may vary with depth in a ground borehole. 
A mathematical model has been developed to predict the shear strength of any 
grout mix at any age within the range studied, the model comprises a simple 
equation with two coefficients A and B which can be obtained from contour 
plots depending on the mix proportions. The model has been tested using four 
mixes different from those use to derive the model; statistically there is no 
significant difference between the actual and predicted results and the model 
can be used with reasonable confidence. 
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CHAPTER I 
INTRODUCTION 
i. i INTRODUCTION TO TIIE SUBJECT 
1.1.1 Grouting 
Grouting is the injection, under pressure, of chemically active liquid materials 
or suspensions through pipes into the ground in order to fill and seal voids, 
cracks, seams, fissures or other cavities in rock or soil strata. Such injection 
may involve the displacement of fluids, usually water, from the pores in soil 
or from fissures in rock with no general disturbance of the soil or rock 
structure other than by the introduction of the pipe; alternatively the injection 
may be deliberately forced to deform the ground structure under pressure in 
order to change its properties or in situ stresses. The ground may therefore 
be permeated or consolidated by grouting. Injection grouting may also include 
the sealing of cracks in structures such as dams, tunnels and shafts etc. 
The pore spaces and fissures referred to are those of engineering significance 
which may be injected within the bounds of engineering economics. Soils and 
rocks may have particles or blocks which are themselves porous. Grouting 
is normally only possible in pores and fissures of size over 1 to 5 microns, 
finer soils have such low permeability as to render them impracticable to 
grout. 
The term "grouting" is also used for: filling the voids around underground 
structures such as tunnels or shafts; and also for filling the space around rock 
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or ground anchors which have been drilled into the ground, in this case, the 
grout must bond to the anchor and permeate the surrounding ground so as to 
prevent the anchor from being pulled out under load. 
Monitoring instruments such as piezometers and inclinometers which are 
inserted into the ground are usually sealed in with grout. Piezometers are 
placed in boreholes in order to measure water pressures and therefore have to 
be sealed with a relatively impermeable grout. Inclinometer tubes are also 
inserted into boreholes and the annulus around the tube is filled with grout. 
As the ground moves, the inclinometer tube deflects and the movement can 
be measured with special instruments. The grout for surrounding these tubes 
needs to be carefully designed to have similar properties to the surrounding 
soil. 
1.1.2 Grouting applications 
Grouting can have a number of applications in civil engineering which can be 
described as follows. 
To reduce the water seepage flow through dam foundations. A grout curtain 
is usually constructed in the ground underneath a water retaining dam, the 
curtain extends along the line of the dam and for some depth into the ground, 
ideally down to an impermeable statum so that the seepage path under the dam 
3 
is cut off or at least extended so that the seepage flow is considerably reduced. 
To strengthen foundations under structures. Weak soil or rock can be 
strengthened by grouting so as to increase its load carrying capacity which 
allows it to carry heavy loads from structures founded on it. This type of 
grouting is known as blanket or consolidation grouting. 
To strengthen the ground ahead of a tunnel drive and/or to reduce the 
permeability of the ground around the tunnel to reduce the inflow of water 
during the construction process. The ground to be excavated ahead of the 
tunnel can be grouted from a ring of grout holes radiating outwards and 
forwards from the tunnel face and/or from vertical grout holes drilled from 
ground level along the line of the tunnel. 
To fill voids where concrete can not readily be placed. The void between the 
outside face of a tunnel lining and the excavation must be filled; even if this 
is done with concrete, the concrete will frequently slump away from the roof 
of the excavation and will not rise into high spots of the excavation. 
To reduce water flow and/or to strengthen the ground ahead of shaft sinking. 
This is very similar to the grouting described for a tunnel drive except that 
excavation is in a downward vertical direction as opposed to a horizontal 
direction for tunnelling. 
To fill contraction joints between large concrete pours. Joints in large masses 
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of concrete open up as the concrete gains strength, this is as a result of 
contraction as the concrete cools down from the heat of hydration and 
shrinkage as the concrete dries. In arch dams, which rely on the horizontal 
arching action between abutments for their strength, grouting the joints allows 
the structure to have continuity of arching action. 
To make a form of in situ concrete by placing coarse aggregate into position 
and then pumping sand-cement grout into the aggregate to fill the voids. This 
is a method which can be used in awkward positions, perhaps underwater. 
Various proprietary names are given to this process, one of which is 
"Colcrete". 
To fill large cavities or abandoned mines in the ground. Holes are drilled 
from ground level into the cavities and large amounts of grout containing 
cheap fillers are pumped in to make the ground solid. 
To fill the voids around ground and rock anchors so that the anchors are 
capable of taking tension loads without pulling out from the ground. -, 
To seal around monitoring instruments such as inclinometer tubes and 
piezometers which are inserted in the ground. 
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1.1.3 Grouting around inclinometer tubes 
An inclinometer is an instrument used to monitor ground movements. These 
movements could be lateral movement of a soil in earth slopes whilst they are 
consolidating, or movements around tunnel bulkheads during tunnelling or 
around piles during driving. The instrument comprises a tilt sensing device 
that is lowered periodically down a borehole lined with a flexible tube. The 
instrument is often called a "torpedo" and is fitted with wheels that run on the 
inside face of the tubs. Any tilt of the tube is detected by a sensing device 
inside the torpedo and a signal is sent trough a control cable to recording 
instruments above ground. 
The tube is made of either plastic or aluminium sections which are joined 
together and installed vertically within a steel cased borehole in the ground. 
The annular space between the tube and the casing is grouted prior to removal 
of the casing, to ensure that the inclinometer tube is grouted into the soil in 
a vertical position. Any movement of the soil causes the tube to deflect and 
tilt, it is this tilt which is measured by the torpedo. By measuring the tilt at 
various positions down the tube, it is possible to plot a profile of the deflected 
tube and hence establish how much lateral movement has taken place. 
Clearly, the grout around the inclinometer tube must have certain properties. 
If the grout is too strong and stiff, the grouted tube may act like a rigid 
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column within the ground and as the soil moves it may tend to flow around 
the stiff column thereby causing the measurements obtained to be misleading. 
If the grout is too weak and flexible, the soil may move the grout or cause the 
grout to shear without the same movement of the tube, again causing the 
measurements obtained to be misleading. 
The grout needs to be carefully designed to have a suitable strength and not 
be too stiff or too flexible. Ideally, the grout should have very similar 
properties to those of the surrounding ground. The grout is often made from 
a mixture of bentonite, cement and water in order obtain a grout which 
combines the clay like properties of bentonite with the strength properties of 
cement in such a way as to have similar properties to the adjacent soil. 
1.1.4 Types of Grout 
Grouts can be classified into four main groups, namely suspension grouts, 
solution grouts, resin grouts and emulsion grouts. 
The cheapest and most common grouts are the suspension grouts where very 
small particles are held in a suspension of water. Of these, the basic cement 
grout is probably the most widely used. After injection into the ground the 
cement sets as a result of hydration. Howard (1977) identified some of the 
suspension grouts used for alluvial grouting as follows: 
7 
neat cement; 
cement-sand; 
cement-clay; 
cement-bentonite; 
cement-pfa-bentonite; 
cement-waste mine slurries; and 
bentonite-gel (with sodium silicate and acid phosphate). 
Solution grouts comprise chemicals that are injected either in a one or two 
shot process. The chemicals react after injection to form insoluble 
precipitates. Resin grouts comprise chemicals with catalysts that harden 
chemically. Emulsion grouts comprise materials such as bitumen emulsified 
in water which coagulate after injection. 
All grouts, excluding the suspension grouts, are very expensive and therefore 
are only used in special situations. 
Figure 1.1 shows the likely suitability of the various types of grout for 
controlling ground water in soils of different particle sizes. It can be seen 
from the figure that suspension type grouts are really only suitable for coarse 
sands and gravels. 
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Figure 1.1: Tentative limits of diameters of soil particles for various 
methods of controlling groundwater (after Howard, 1977) 
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1.1.5 Bentonite/Cement Grout 
Houlsby (1990) stated that "cement grout is only useful in coarse gravel free 
of finer material" and "in fine-sized materials, voids are too small to accept 
cement grout". He suggested that better penetration can be achieved by using 
excess pressure to fracture paths through the soil. 
Cement grout cannot be injected into voids or fissures smaller than the particle 
size of the cement, however, the use of more finely ground cement enables 
smaller fissures to be filled. Increasing the water/cement ratio will decrease 
the viscosity of the grout and may help with penetration of the fissures. 
Blockages will occur in the finer fissures, but water may be squeezed past the 
blockage leaving a grout with a lower water/cement ratio. 
Howard (1977) has listed some of the disadvantages of basic cement grouts as 
follows: 
* "large particle size compared with the sizes of fissures and cavities 
frequently encountered 
* high viscosity, unless a high water/cement ratiois adopted, in which 
case strength is reduced and other undesirable characteristics are 
magnified 
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* high shrinkage, particularly with high w/c ratios . 
* the occurrence of bleeding, i. e. separation of suspended solids from the 
water carrier ,, 
* lack of control of setting time and of the time after mixing during 
which the grout remains fluid. " 
Littlejohn (1982) stated that cement grouts should be sufficiently fluid to allow 
efficient pumping and injection and sufficiently stable to resist displacement 
and erosion after injection. For grouts used to decrease the permeability of 
fractured rocks or soils, fluidity, particle size and bleeding are particularly 
important. Whereas, for grouted aggregate concrete, 'shrinkage, heat-of 
hydration and strength may be the more dominant design parameters. # He 
explained that, except for very stiff pastes, cement/water mixes are initially 
unstable with the cement particles settling under gravity. This process, which 
leaves a thin grout or even almost clear water at the top, is called bleeding. 
Littlejohn also discussed, in the same paper, the constituent materials used for 
making cement grouts which include water, cement, fillers, clays, pozzolans, 
fine sands and admixtures. He has stated that clays have a capacity to absorb 
water and an ability to form gel structures, even at low concentrations. With 
their small particle size they are used to stabilise the cement in order to 
prevent bleeding. Bentonite (sodium montmorillonite) is the type of clay 
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which has the most favourable characteristics for grout mixes rather than the 
kaolinites and illites which are mainly used as fillers. Littlejohn also indicated 
that where strength is required, the clay content is kept to a minimum by 
using bentonite of about 2 per cent to 5 per cent by weight of water for 
water/cement ratios of from 1 to 3. For clay/cement grouts where there is 
little demand for strength, the clay filler is used to increase the volume yield 
of the grout. 
In "Grouting Design and Practice" (1969) the author indicated that 
cement/water grouts tend to have excessive bleeding at water/cement ratios 
over 1.0, even when well dispersed. However, he stated that bentonite 
clay/cement mixes are stable over practically any water/cement ratio, 
provided that a suitable bentonite/solids ratio is used. The bentonite, 
dispersed in the water acts as a suspending agent and prevents settling out of 
the cement particles. 
Heynes (1974) also suggested that, in cement/bentonite mixes, the dispersed 
bentonite acts as a suspending agent and prevents the cement particles from 
settling. After being injected into the rock or soil, the grout comes to rest and 
the bentonite, which exhibits thixotropic properties, converts the grout to a 
consistency that varies from putty to a hard strong material. 
Houlsby (1990) discussed the materials used in cement grouting, which 
included the different types of cement that are available. Since the particle 
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size of the cement clearly limits the type of soils which can be injected, he 
discussed fine and micro fine cements and their uses. He has also discussed 
the use of bentonite as an additive to grouts and has stated that it is the 
commonest additive used to control bleeding. However, there are drawbacks 
to the use of bentonite: it is difficult to mix; it reduces the strength of the 
grout; and the bentonite may separate out from the grout leaving some cracks 
filled with a grout which contains bentonite and no cement. 
Houlsby quoted Deere (1982) who was involved in grouting dam foundations 
in Brazil. Because of changes in the design, some parts had to be excavated 
after grouting had taken place. It was found that the bentonite had separated 
from the grout in places and had subsequently been washed out by the flow 
of ground water through the fissures. This resulted in a poorly grouted 
foundation with some areas irregularly grouted with filtered out cement and 
other areas lined with bentonite. Houlsby suggested that it is best to avoid the 
use of bentonite because of the difficulty in mixing and the problems 
associated with separation, instead the grout should be properly mixed to keep 
bleeding to a minimum. 
As previously mentioned in Section 1.1.3, the material used for grouting 
around inclinometer tubes is often made up from a mixture of bentonite, 
cement and water in such proportions that will produce properties similar to 
the surrounding soil. Such a property would be the shear strength of the grout 
which could be measured using a hand held shear vane. 
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1.2 RESEARCH OBJECTIVES 
The addition of bentonite to a cement grout is certain to affect the properties 
of the grout. In fact, it is usually added to do just this and in particular to 
reduce the possibility of bleeding. Other properties of the grout will also be 
affected, the viscosity, permeability, density, and curing time being some of 
the more obvious. 
A choice has to be made for the particular grout mix based on the 
requirements and conditions of each job. A proper choice requires an 
adequate knowledge of the materials available and the influence which each 
material has on the properties of the grout. 
Mixes often have to be designed to give particular properties after say 28 
days. In order to do this some form of mix design guidance is required. It is 
often desirable to perform strength tests at an early stage, say after 1 day, to 
confirm the likely strength at 28 days. This is particularly useful in the 
grouting of inclinometer tubes so that should the predicted strength not be 
correct, remedial work can be done whilst drilling equipment is still on site. 
The overall aim of this research was to investigate the properties and 
performance characteristics of grouts made up of bentonite, cement and water 
with particular emphasis on the shear strength. Only one brand of bentonite 
was used in various mix proportions, in order to attempt to obtain a 
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relationship between bentonite concentration, water/cement ratio and the 
strength for the particular brand of bentonite used. 
The objectives of the research were therefore to: 
" review the available literature on bentonite/cement grouts; 
* study the strength development of various bentonite/cement mixes over 
a period of time and to derive relationships between the 1 day and 28 
day strengths; 
* derive a relationship between the strength properties of a mix and the 
mix proportions; and 
* develop a series of design curves that enable mixes to be designed with 
certain strength properties. 
1.3 JUSTIFICATION FOR THE RESEARCH 
Most grouting work is performed by specialist companies. Some research 
work has been carried out into the strengths of some particular grout mixes 
using particular bentonites, but there appears to be no form of design advice 
available. Most grouting seems to be based on the specialist company's 
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previous experience and is often done on a trial and error basis. Grouting 
starts with a particular 'mix which is adjusted according to the volume now 
and the injection pressure in the hope that the fissures and voids in the ground 
are being properly filled with grout which remains stable and will have a 
strength suitable for the particular project. 
Bentonite/cement grouts are usually specified by the unconfined compression 
strength at 28 days. Testing requires the use of a testing laboratory and 
careful preparation of the sample. The shear strength can be readily 
determined using the hand held shear vane as the test can be carried out on 
site without the need for skilled technicians. 
Research into the shear strength of grouts is justified so that industry can 
consider using this criterion for specifying bentonite/cement grouts 
The grouting of inclinometer tubes requires the grout to be designed with 
certain properties similar to the surrounding soil, and mix curves would be a 
most helpful design aid. The ability to predict say 28 day strength based on 
the early strength of the grout would be extremly useful. It would enable the 
grout strength to be confirmed at an early stage so that any remedial work 
could be performed whilst the contractor is still on site. 
Bentonite is a fairly expensive material being approximately four times the 
cost of Ordinary Portland cement. On some dam projects, enormous 
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quantities of grout are injected into the foundation, for example, at the Dokan 
Dam, Iraq, approximately 68,000 tonnes of cement were used in the grouting 
(Perrot and Lancaster-Jones, 1963). 
An improved knowledge of the subject and reliable design curves are needed 
in order to optimize the use of the materials and obtain the desired properties 
of the grout. 
1.4 METHODOLOGY 
1.4.1 Literature review 
A comprehensive literature review was performed to determine the current 
state of knowledge of bentonite, cement grouts and bentonite/cement mixtures. 
Literature searches were conducted using the CITIS Civil Engineering cd-rom 
system using the key words - bentonite, cement, grout(s), slurry and slurries. 
Searches were also conducted using the computer systems of the libraries at 
Nescot, The Institution of Civil Engineers and The Institution of Structural 
Engineers. 
The CITIS system includes papers published since 1972; a list of journals 
scanned by CITIS is given in Appendix I. A search was also made of the 
Index to Theses with Abstracts accepted for higher degrees by the Universities 
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of Great Britain and Ireland and the Council for National Academic Awards 
Volumes 35 to 41 (1985 - 1992). 
Useful papers and books were obtained and read and any relevant references 
given in those were also obtained. 
A computer database of all relevant and useful references was constructed. 
The records of this database covered the author, title, publication details and 
the topic covered so that the database could be searched by any of these fields. 
The references given in this report are quoted using the Harvard style, i. e. 
author and date., 
1.4.2 Experimental work 
The experimental work which was carried out can be considered as empirical 
quantitive research, as it involved the determination of shear strength, of a 
range of grout mixes over a period of time. The data obtained were used to 
derive a relationship between shear strength, mix constituents and time. 
The methodology for the experimental work comprised the preparation of 
twenty grout mixes with differing water/cement ratios ranging from 4 to 12 
and differing bentoni: e contents ranging from 5 per cent to 20 per cent by 
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weight of water. The range of mixes was chosen to give vane shear strengths 
over a wide band up to 130 kN/m2 which could be tested using the hand held 
shear vane. The water/cement ratios from 4 to 12 were used to produce 
relatively weak grouts which have not previously been researched in much 
detail. 
The mixes were tested for shear strength using a hand held shear vane at 
various ages from 1 day to 336 days. The results obtained were used to 
construct a mathematical model relating the shear strength of the grout to the 
mix proportions and age. 
Four further grout mixes were made and tested at ages up to 224 days. The 
results obtained were used to test the validity of the mathematical model. 
In addition, two grout mixes were made with the same proportions as two of 
the mixes in the original twenty mixes. These two mixes were then placed 
into vertical plastic pipes to simulate grout being placed into vertical boreholes 
in the ground. The grouts in these pipes were tested for shear strength at 
various depths in order to determine whether the shear strength varies with 
depth and hence with vertical stress. 
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1.5 GUIDE TO THE REPORT 
This report has been set out in a logical form to assist the reader, it comprises 
nine chapters and relevant appendices as follows. 
Chapter 1 includes an introduction to grouting and in particular bentonite/ 
cement grouts. It also presents the objectives and justification for the research 
as well as a summary of the conclusions arrived at. 
Chapter 2 provides a discusssion of the materials used in bentonite/cement 
grout as well as the particle association of the bentonite and the cement and 
the problems associated with the mixing of these grouts. 
Chapter 3 reviews previous research work into bentonite/cement grouts and 
slurries. It covers certain grout properties, namely viscosity, compressive 
strength and shear strength. 
Chapter 4 deals with the testing of grouts and clay soils for compressive 
strength and shear strength, in particular, the shear vane test. 
Chapter 5 provides a detailed description of the experimental work. This 
includes details of the apparatus used, the method of mixing the grouts and the 
testing procedures. It also describes the electron microscopy work used to 
study the particles in the grout mix. 
20 
Chapter 6 presents the results obtained from the experimental work and 
includes some statistical information such as standard deviations and 
coefficients of variation as well as the shear strengths and moisture content ` 
determinations. 
Chapter 7 discusses the results and includes the mathematical model obtained 
from them. It also covers the verification of the model by the additional tests 
and a statistical comparison between the results predicted by the model and 
those obtained from the additional tests. 
Chapter 8 presents the conclusions which can be drawn from the research and 
relates them to the research objectives given in Chapter 1. 
Chapter 9 lists a number of recommendations for future work and provides an 
indication of the direction in which further research would be useful. 
The appendices give miscellaneous information relevant to the research work 
carried out. 
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1.6 SUMMARY OF MAIN CONCLUSIONS 
A number of conclusions can be drawn from this research and these are 
summarised as follows. 
* Bentonite is difficult to mix with water and vigorous mixing is 
required to obtain a mix with good consistency. In mixes with high 
bentonite and cement contents, rapid stiffening of the mix often occurs 
as a result of mutual flocculation of the bentonite by the cement. 
* Almost any type'of mould is'suitable for containing the grout. The 
moulds should be leak proof, large enough to allow several tests using 
a hand held shear vane tester and rigid enough to allow the moulds to 
be moved without distortion of the set grout. 
* The grout can be cured in the moulds by sealing with cling film and 
stored at laboratory temperature until needed for testing. 
* The hand held shear vane is a quick efficient and simple method of 
measuring the shear strength of grouts with shear strengths up to 130 
kN/m2. The readings obtained are, consistent with a low coefficient of 
variation. 
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* The shear strength of bentonite/cement grout increases with age, in 
many mixes the shear strength is still increasing even at around one 
year age. For grouts with high solids contents, the shear strength up 
to about three months is influenced mainly by the cement content but 
at later ages it is influenced by both the bentonite and cement contents. 
The shear strength is influenced by the bentonite content for grouts 
with low solid contents. 
* An important factor in the development of shear strength is the growth 
of cement crystals arising from hydration of the cement. These 
crystals grow and interlock with each other and with the bentonite 
particles to give the grout its shear strength. 
* The shear stºength of bentonite/cement grout can be modelled 
mathematically using the formula: 
S, =10WI00) t(Bhb00) 
where: S, is the shear strength in kN/m2 at age t; 
t is the age in days; and 
A and B are coefficients for any particular mix. 
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The formula can be used to predict the shear strength for any 
particular mix at any particular age within the range investigated in the 
research. 
* The relationship between the shear strength at 28 days age and those 
at 1 and 7 days ages can be obtained by use of the prediction formula 
given above. The shear strength at 28 days can be predicted quite well 
from the 7 day strength, but it is better to predict the strength using 
the prediction formula. 
* Contour plots of shear strength at various ages for grouts of different 
mix proportions have been obtained. These plots can be used to 
determine the mix proportions required to obtain a given shear strength 
at a given age. The mix design can be checked for shear strength at 
other ages using the prediction equation. 
* Shear strength is not affected by depth, the thixotropic properties of 
the bentonite keep the solids in suspension so that the solids content 
does not vary significantly with depth, the cement particles are kept 
dispersed so that the shear strength is reasonably uniform. 
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CHAPTER 2 
BENTONITE/CEMENT GROUTS 
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2.1 INTRODUCTION 
The main components of cementitious grouts are: 
* cementitious material, typically Ordinary Portland Cement; 
* water, usually potable water from the supply mains; and 
* fine mineral powders such as clay, often in the form of bentonite. 
As has been stated in section 1.1.5, bentonite is added to impart favourable 
characteristics to the grout, mainly stability against bleeding, the intention 
being that the particles of cement and bentonite are held in suspension 
although this does not form a true colloid. The resulting mix combines the 
colloidal properties of clay with the binding properties of cement fora specific 
use. 
2.2 THE MAIN TYPES OF CLAY MINERALS 
2.2.1 Basic Silicate Structure 
The primary structure of clay minerals is the basic silicate structure formation 
that can be developed into complex multilayer structures when linked with 
other sheet structures. 
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The basic structural unit of silicate minerals comprises four oxygens nested 
around a Si" ion forming a SiO4'- (Silicon-oxygen tetrahedron). Silicate units 
linked to form ring structures are classified as Benitote or Beryl, chains as 
Pyroxenes, band combinations as Amphiboles, sheet combinations as Micas, 
and framework combinations as Quartz. 
The other typical sheet of clay mineral structures comprise AP or Mg2+ ions 
surrounded by six oxygen or hydroxyl ions forming an octahedron, the 
aluminium layer is Gibbsite and the magnesium layer is Brucite. A schematic 
classification of the clay minerals is shown in Figure 2.1. 
2.2.2 Kaolinites 
Minerals of this group are characterised as non expandable two layer minerals. 
Other members of the group are of Dickite, Nacrite and Halloysite which 
although all two layer minerals have slightly different layer stacking geometry. 
The basic structure has a stable Gibbsite layer linked to a layer of silicate with 
hydoxyl bonds between two layer units. 
The cation exchange capacity (CEC) of Kaolinite minerals is quite low (1-10 
meq/100g). The reasons for the low CEC are: 
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* The exchangeable ions are located on the edges which although small 
compared with the face areas, tend to carry a positive charge and thus 
compensate some of the negative charge. 
* Unlike Montmorillonites and Illites, the Kaolinite structure does not 
leave room for interlayer cations that could promote isomorphous 
substitution (Van Olphen, 1963) 
2.2.3 Illites 
These non expanding three layer clays are formed by one octahedral Gibbsite 
or Brucite sheet between tetrahedral silicon oxygen sheets. Brown (1951) 
defined Illite as anhydrous mica. Grim et al (1937) described it as "clay 
mineral constituents cf argillaceous sediments belonging to the mica group". 
Ionic substitution occurs predominantly in the tetrahedral sheets and the 
Gibbsite or Brucite sheets are electrically neutral. The net charge is balanced 
by potassium ions linking the three layer units together. These potassium ions 
are tightly held as the "holes" in the structure are of the right size to take a 
potassium ion and the bonding of the ions approximates to 12 fold co- 
ordination which is ideal for potassium. 
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The layers do not expand upon addition of water because the potassium ions 
are not available for exchange as they are firmly held in the structure, 
therefore, only the external cations are exchangeable. The CEC of Illites is 
usually of the order of 20 - 40 meq/100g. 
2.2.4 Montmorillonites 
These expanding three layer clays include Bentonite which is particularly 
important to grouting engineers. The montmorillonite structure is derived 
from the pyrophyllite structure Al2Si4010(OH)2 by isomorphous substitution as 
shown in Figure 2.2. 
The principal substitutions are for silicon in the tetrahedral layers that is 
replaced by trivalent Al, and trivalent Al in the octahedral layer is replaced 
by divalent Mg with the resultant imbalanced charges satisfied by the 
exchangeable cations between three layer units. This replacement, referred 
to as isomorphous substitution, causes the clay particles to carry an electrical 
charge. 
N 
"33 
(exchangeable ions) 
A12Si4010(°H)2 -; " AI1.6nMöo. 33 
pyrophyllite montmorillonite 
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The order of cation ability to replace others as proposed by Hanshow (1964) 
is: 
K+>Na*>H+>Cz+ 
Thus for example, the replacement of hydrogen (H) by sodium (Na) will be 
easier than the replacement of sodium (Na) by hydrogen (H). The particle 
size and cation capacity are shown below (Lambe and Whitman, 1969): 
Particle size: approx. 0.1 x 0.1 x 10 A 
Surface area: 800 m2/g 
Theoretical charge 
deficiency: 91 meq/100 g (CEC) 
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Transition Group Expanding lattice Hydrated Dehydrated 
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clays (Nacrite) 
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(Montmorillonite 
halloysite) 
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sheets 
(Beidellite-Nontronite) 
Figure 2.1: Schematic classification of clay minerals (after Marshall, 
1942) 
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Figure 2.2: Atomic arrangement of idealised unit cell of Montmorillonite. 
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Figure 2.3: Structure of Silicon Oxygen tetrahedral sheet and 3 layer 
Smectite unit (after Grim, 1968). 
33 
2.3 BENTONITE 
The term "bentonite" was first applied to a specific mineral deposit found at 
Fort Benton in Wyoming, USA. This deposit mainly consists of'the clay 
mineral sodium montmorillonite. The bentonite clays are derived by the 
weathering of volcanic dust and ash deposits and are found in many parts of 
the world. The deposits in the United Kingdom are usually of calcium 
montmorillonite. 
Bowen (1981) gave a good description of the clays and bentonites used in 
grouting. The most common minerals present in clay are kaolinite and 
montmorillonite as discussed in Section 2.2. Sodium and calcium 
montmorillonite are the most useful in grouting because of their ability to 
absorb water and produce gels at low concentrations. Bentonite is the name 
given to clays rich in sodium montmorillonite. 
Fleming and Sliwinski (1977) stated that sodium montmorillonite has the 
ability to swell during wetting and can therefore absorb very large quantities 
of water. It is sometimes called swelling, Western or Wyoming bentonite and 
is essentially sodium monmorillonite. There is a second type of bentonite 
which exhibits a lower degree of swelling, this is sometimes called non- 
swelling, Southern or sub-bentonite; this material is essentially calcium 
montmorillonite. In civil engineering applications, the term bentonite refers 
to the sodium montmorillonite form. Naturally occuring deposits of the 
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sodium form are quite rare but deposits of the calcium form are quite common 
and most bentonites are obtained by a process which exchanges the calcium 
ions for sodium ions. This process involves mixing the calcium 
montmorillonite with sodium carbonate (Na2CO3) under controlled conditions 
so that an exchange occurs between the sodium and calcium ions to produce 
sodium montmorillonite and calcium carbonate. An excess of sodium 
carbonate over the theoretical requirement usually results in some free sodium 
carbonate being present in the bentonite. 
Jones (1964) stated that bentonite is a member of the triple-layer family of 
clay minerals. The generally accepted structure is based on that proposed by 
Hofmann, Endcll and Wilm (1933) as shown in Figure 2.4. 
Jones (1964, pp. 22 - 28) has described the structure as follows. "The central 
octahedrally co-ordinated gibbsite layer of the crystal is bonded through 
oxygen links to the two outer tetrahedrally co-ordinated silicate layers. 
Isomorphous replacement of magnesium for aluminium in the octahedral layer, 
or aluminium for silicon in the tetrahedral layer, causes a net deficit of 
electric charge within the crystal; this is countered by the prescence of 
exchangeable cations which are located on the clay surface. Generally, the 
exchangeable cations cannot penetrate deeply into the clay lattice, because of 
their solvated (hydrated) state they are larger than the holes between oxygen 
atoms at the outer surface of the clay crystal. The exchangeable ions are quite 
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mobile and can be made to undergo substitution reactions similar to those 
found in zeolites and organic ion-exchange resins". 
The crystal structure has a net negative charge that is compensated by 
exchangeable cations which lie between one unit layer and the next and on the 
external surfaces of crystals formed by the stacking of the units. The cation- 
exchange capacity of most bentonites is in the region of 80-100 mE/100g of 
cations on their surface with the crystal edges having an anion-exchange 
capacity of 12-20 mE/100g (Jones, 1964: Bowen, 1981). 
The individual crystals are anisotropic with average diameters of 1000-2000 
A and a thickness of 9.5 A and can therefore be considered as having sub- 
colloidal dimensions in one direction. The dry material contains a high 
proportion of orientated aggregates where the ultimate crystallites are stacked 
one on top of the other in a laminar form (Jones 1964). 
When immersed in water, sodium montmorillonite undergoes intra-crystalline 
swelling followed by osmotic swelling which causes a rapid uptake of large 
quantities of water. This additional swelling is a result of repulsive forces 
between adjoining particles (Fleming and Sliwinski, 1977), the swelling is 
reversible and its final extent depends on the exchangeable cations. Calcium 
montmorillonite swells to only a limited extent, but pure sodium 
montmorillonite shows virtually infinite swelling in water of low electrolyte 
content (Norrish and Quirk, 1954). 
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No Na* Co* ` Exchangeable cations and water 
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ý--- 
1000 - 2000 A 
Figure 2.4: The structure of sodium-calcium bentonite (after Hofmann, 
Endell and Wilm, 1933) 
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Nonveiller (1989) described the structure of clay particles by considering the 
"building blocks" of clay minerals as follows. 
* Silica tetrahedrons assembled in sheets on a hexagonal grid in which 
every three or four oxygen atoms are assembled around a silicon atom, 
(see Figure 2.5a). 
* Aluminium or magnesium octahedrons coordinated in sheets with a 
common oxygen atom or hydroxile group around the aluminium or 
magnesium atoms (see Figure 2.5b). These building blocks are shown 
schematically in Figure 2.5c. 
He has also shown how these building blocks are stacked together to form 
kaolinite and montmorillonite (see Figures 2.6a & 2.6b). 
The kaolinite minerals comprise basic sheets bound together by Van der Waals 
forces and hydrogen Eonds which are strong enough to prevent much swelling 
in the prescence of water (see Figure 2.6a). The montmorillonite minerals 
consist of three blocks in the arrangement Si: G: Si with common oxygen atoms 
and hydroxile groups on both adjacent Al planes and tops of the Si 
tetrahedrons (see Figure 2.6b). The bonds on these planes result from Van 
der Waals forces and cations which may bond on to the structure, these are 
weak bonds and they are easily broken by splitting or by absorption of water 
molecules which produce a high swelling potential on wetting. 
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Figure 2.5: The building blocks of clay minerals (after Nonveiller, 1989). 
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Figure 2.6: Schematic presentation of clay minerals (after Nonveiller, 
1989). 
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When sodium montmorillonite hydrates in aqueous suspension, the sodium is 
released from the particle surface resulting in deficiency of positive charge on 
the particle surface. The charges on the broken edges of the particles, 
depending on the position and the pH of the suspension, are mainly positive. 
These electrically charged particles may link together in a dilute suspension 
to form various types of structures as shown in Figure 2.8. 
The formation of the inter particle linkage is influenced by the intensity of the 
electric charge, the exchangeable cations or counter ions in the water and any 
applied shear. The intensity of the electric charge depends on the type of 
replaceable cations as this influences the thickness of the absorbed water layer 
(double layer or diffused counter ion atmosphere) around the particles. 
Sodium montmorillonite has a thicker double layer than calcium 
montmorillonite which is more electrically stable and has lower repulsive 
forces between the particles. 
The net bonding forces between the particles have been recognised by Bolt 
(1956) and Van Olphen (1963) as the difference between the Van der Waals 
force and the Electrostatic Double layer force as shown in Figure 2.7. 
These electrostatic fields of the colloidal system controlling particle 
interactions can be severely disrupted or reversed by addition of electrolytes 
which may substantially vary the effect of the electric charge of the particles. 
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The definitions of the four modes of basic particle arrangement are described 
in the Baroid Mud Technology Handbook (1965). 
* Dispersion - This describes the bentonite platelets after they have been 
separated from one another by hydration and agitation. The repelling 
forces between the faces of the platelets predominate. 
* Aggregation - This is the opposite of dispersion. The clay platelets are 
stacked together in bundles. 
* Flocculation - This is an edge to edge or edge to face clumping of 
platelets or stacks of platelets caused by the attractive forces. 
" Deflocculation - The opposite of flocculation, the attractive forces have 
been neutralised and the platelets or stacks of platelets are separated. 
The modes of particle association in clay suspension have been presented 
Figure 2.8. 
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Figure 2.8: Modes of particle association in clay suspensions and 
terminology (after Van Olphen, 1963). 
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Skempton (1953) suggested that the activity of a mineral can be assessed by 
considering the clay mineral activity A= IP/C where IP is the plasticity index 
(%) and C is the percentage of grains smaller than 2 microns. Table 2.1 
shows the activity of some typical clay minerals from which it can be seen 
that sodium montmorillonite is very much more active than other clay 
minerals. 
Suspensions of sodium bentonite in water exhibit thixotropy. This is the 
ability to thicken and form a gel when stationary but to become fluid when 
agitated or shear stress is applied. The process is indefinitely reversible and 
this property is utilised in a number of civil engineering processes, e. g. 
diaphragm wall construction. 
Table 2.1: Activity of typical clay minerals (after Skempton, 1953). 
Clay mineral Activity A 
Kaolinite 0.33 
Illite 0.9 
Ca montmorillonite 1.50 
Na montmorillonite 7.20 
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Laporte Industries Ltd. (undated) have explained this process for-their product 
Fulbent 570 and a similar explanation has been given by Steetley Minerals 
Ltd. (undated) for their products. Both explain that when the bentonite is 
dispersed in water, it breaks down into small plate-like particles which are 
negatively charged on the surfaces and positively charged on the edges. When 
allowed to stand, the plate-like particles become orientated as shown in Figure 
2.9a, and the electrical bonding causes the formation of a mechanical structure 
which is observed as the suspension forming a gel. When the gel is agitated, 
the electrical bonds are broken and the gel becomes fluid with the particles 
orientated in a random fashion as shown in Figure 2.9b. 
Jones (1964) stated that the gel formed on standing appears to be truly elastic 
at low strains but irrecoverable deformation takes place at strains close to the 
yield point. The strength of the thixotropic gel formed by the bentonite 
suspension is strongly dependent on the setting time, the concentration of 
bentonite in the suspension and the chemical composition of the suspending 
fluid (see figure 2.10). Jones pointed out the distinction between the yield 
value of the flowing suspension and the shear strength of the thixotropic gel; 
the latter being time variable and may be much larger than the former. 
The flow properties of bentonite suspensions are such that a shear stress must 
be applied before any flow will commence. An ideal or Newtonian liquid 
would have a constant coefficient of viscosity over a wide range of applied 
stress with the flow curve passing through the origin but Bingham fluids 
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require a definite shear stress to be applied before flow will comence. The 
properties of Newtonian and Bingham fluids are shown in Figure 2.11 and the 
flow equations are: 
Bingham fluids dc =1 (r - t) 
dt 17P, 
Newtonian fluids d=1r 
dt r7 
Jones (1964) stated that bentonite suspensions in water containing less than 1 
per cent solids are generally free-flowing fluids showing no unusual flow 
properties; but when the concentration is raised to 1 to 15 per cent, the flow 
properties become anomalous. If a solid content of 50 per cent is reached, 
stiff putty like masses are formed. The flow properties can be investigated 
using a concentric cylinder rotational viscometer so that controllable rates of 
shear can be applied. 
In the range of 5 to 25 per cent solids, bentonite suspensions are found to 
behave as Bingham fluids in that the flow curve does not pass through the 
origin but makes an intercept with the shear stress axis; this intercept is 
known as the yield value. Because of this, bentonite suspensions must be 
characterised by two parameters, namely, the plastic viscosity, and the yield 
value as shown in Figure 2.11. Both of these factors increase almost 
exponentially with clay concentration in the suspension in the range under 
consideration (Jones, 1964). 
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Figure 2.9: Arrangement of bentonite particles in a water suspension 
(after Steetley Minerals Ltd., undated) 
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Figure 2.10: Thixotropic gelation of bentonite suspensions in water (after 
Jones, 1964). 
Y 
V 
V 
N 
L 
A 
V 
t 
N 
C 
V 
N 
d 
onian 
j 
/Newt 
fluid 
ngham 
body 
)., 
Shear stress r, dyrVcm2 
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2.4 CEMENT 
Cement can be described as a material with adhesive and cohesive properties 
which make it capable of bonding mineral fragments together. In the 
construction industry, the term "cement" refers to compounds of lime which, 
when hydrated are capable of bonding materials such as sand and aggregates. 
Hydraulic cements consist mainly of silicates and aluminates of lime. The 
most common type being called Ordinary Portland Cement which is a finely 
ground powder. When mixed with water, a chemical reaction (hydration) 
takes place which after a period of time produces a very hard strong binding 
medium. There are four compounds which are the main constituents of 
Portland Cement and these are given in Table 2.2. 
Table 2.2: Main compounds of Portland Cement (after Neville, 1990). 
Name of compound Oxide Composition Abbreviation 
Tricalcium silicate 3CaO. SiO2 C3S 
Dicalcium silicate 2CaO. SiO2 C2S 
Tricalcium aluminate 3CaO. Al203 C3A 
Tetracalcium 4CaO. A1203 C4AF 
aluminoferrite 
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In addition to the main compounds given in Table 2.2 there are usually minor 
compounds also present. Two of these are the oxides of sodium (Na2O) and 
potassium (KZO) which are alkalis and have been observed to affect the rate 
of gain of strength of the cement (Neville, 1990). 
The approximate composition limits for Portland Cement are given in Table 
2.3 from which it can be seen that main compounds present in the cement are 
CaO and SiO2. 
Table 2.3: Approximate composition limits of Portland Cement (after 
Neville, 1990). 
Oxide Content (%) 
CaO 60-67 
Si02 17 - 25 
A1203 3- 8 
Fe2O3 0.5-0.6 
MgO 0.1-0.4 
Alkalis 0.2-1.3 
SO3 1-3 
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When Portland Cement is mixed with water, a chemical reaction takes place 
which is known as "hydration". The silicates and aluminates form products 
of hydration which in time produce a hardened cement paste. Neville (1990) 
explained that the hydrated cement bonds firmly to the unreacted cement but 
it, is not certain how this is achieved. The rate of hydration decreases 
continuously so that even after a long time there remains an appreciable 
amount of unhydrated cement. Powers (1949) calculated that complete 
hydration under normal conditions is possible only for cement particles 
smaller than 50 microns. 
Powers and Brownyard (1948) performed experiments to determine the 
minimum water/cement ratio for complete hydration. In Figure 2.12 the 
ratios of evaporable water to cement in saturated mature pastes are plotted 
against those of total water to cement, the initial water/cement ratios are 
shown by the scale along the top. 
The data show a clear break at w/c ratio of 0.38. The pastes of w/c ratio less 
than 0.38 consist of unreacted cement and hydration product. The pastes with 
w/c ratios greater than 0.38 consist of hydration product and capillary pores 
which in the saturated condition are filled with water. 
Taylor (1990) stated that most investigators appear to have agreed with the 
observation that complete hydration cannot occur if the w/c ratio is below a 
value of 0.38. He stated that if a paste with a w/c ratio less than 0.44 is 
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Figure 2.12: Relationship beyween the initial (w/c), total (w1/c) and 
evaporable (wjc) water cement ratios for saturated mature pastes of 
Portland cement (after Powers, 1962). _ 
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cured under sealed conditions, there will be insufficient water to fill the gel 
pores completely and the capillary pores will be empty. The effective relative 
humidity will be low and hydration will become very slow or stop. This 
phenomenon is called self desication. It is therefore important to keep the 
paste in contact with an excess of water during curing to enable hydration to 
proceed and for the paste to continue gaining strength. 
The main hydrates can be classified as calcium silicate hydrates and tricalcium 
aluminate hydrate. The progress of hydration can be determined by different 
means, such as the measurement of Ca(OH)2 in the paste, the heat evolved by 
hydration, the specific gravity of the paste, the amount of chemically 
combined water, the amount of unhydrated cement present and indirectly from 
the strength of the hydrated paste (Neville, 1990). 
Dhir and Jackson (1976) gave the time taken for the main constituents of 
cement to attain 80 per cent hydration based on work done by Goetz (1969) 
and these times are given in Table 2.4 below. 
I 
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Table 2.4: Times to obtain 80 per cent hydration. 
Chemical compounds Time (days) 
CS 10 
CS 100 
C3A 6 
CAF 50 
According to Neville (1990), when hydration takes place in a limited amount 
of water, as in a cement paste, C3S is believed to undergo hydrolysis 
producing a calcium silicate of lower basicity, ultimately C3S2H3, with 
released lime separating out as Ca(OH)2. On the assumption that C3SZH3 is 
the final product of hydration of both C3S and C2S, Neville presented 
equations for the hydration process with corresponding weights of materials. 
On a weight basis, both silicates require approximately the same amount of 
water for their hydration, i. e. approximately 21 to 24 parts of water to 100 
parts of silicate. 
The main physical characteristics associated with the hydration of the cement 
are the setting and hardening of the cement paste. A gel is formed around 
each of the cement particles and, after a period of time, these layers of gel 
grow so that they come into contact with each other. At this stage, the 
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cement paste begins to loose its fluidity and the beginning of a noticeble 
stiffening of the paste is known as the initial set. Further stiffening occurs as 
the volume of gel increases. The stage at which this is complete and the final 
hardening process commences is known as the final set. The time taken from 
the addition of the water to the initial and final set are known as the setting 
times. Typical times for Ordinary Portland Cement are 162 minutes for the 
initial set; and 214 minutes for the final set (Dhir and Jackson, 1976). 
Gypsum is added to the cement during manufacture to prevent a flash set 
which could be caused by the violent reaction of C3A with water to give a 
stiffening of the paste within a few minutes of mixing. However, this can be 
overcome by adding more water and re-agitating the mix. 
A false set is when premature stiffening of the paste takes place, it differs 
from the flash set in that no appreciable heat is evolved and remixing of the 
cement paste without the addition of water will restore the plasticity of the 
paste. The cement then sets in the normal manner without a loss of strength. 
A false set is thought to be the result of intergrinding gypsum with very hot 
clinker during the manufacturing process. 
The hydration of cement compounds is exothermic (i. e. heat is generated). 
The temperature at which hydration occurs affects the heat development and 
hence the rate at which the reaction progresses. The fineness of the cement 
also affects the rate of heat development. Since hydration starts at the surface 
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of the cement particles, it follows that the finer the cement, the greater the 
total surface area of cement material available for hydration, and the faster the 
reaction will take place. 
Neville and Brooks (1987) stated that the two compounds primarily 
responsible for the strength of hydrated cement are C3S and C2S; with the C3S 
contributing most of the strength development during the first four weeks; and 
the C2S influencing the later gain in strength. At the age of about one year, 
the two compounds contribute equally to the strength of the hydrated cement. 
Figure 2.13 shows the development of strength of the four main compounds 
of cement. 
Strength tests are not carried out on neat cement pastes because of the 
dificulties in obtaining good specimens and in testing. The strength of cement 
is determined by testing cement-sand mortar or concrete made in a prescribed 
manner with prescribed proportions of standard sand and aggregate (BS 4550: 
Part 3: 1978). 
In the mortar test, a 1: 3 cement: sand mortar is used with the mass of the 
water in the mix being 10 per cent of the mass of the dry solids and the sand 
is a standard material of uniform size. Standard mixing and casting 
procedures are used and 71 mm cubes are cast, cured in water and tested in 
compression. The compression test has superseded other forms of test which 
could include direct tension and flexural test. The minimum compressive 
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strength of Ordinary Portland cement obtained from mortar cubes is given in 
Table 2.5. 
Table 2.5: Minimum compressive strength of Ordinary Portland cement 
mortar cubes (BS12: 1978). 
Age (days) Strength (N/mm2) 
3 23 
28 41 
The compressive strength development of concrete made with Ordinary 
Portland cement is shown in Figure 2.14. It can be seen that the strength 
develops quite rapidly at first but starts to slow down after about 90 days, 
although it is still gaining strength even after five years. 
Taylor (1990) has listed the factors which determine the compressive strength 
of cement paste to include the 
* characteristics of the cement; 
* w/c ratio and the air content present; 
* mixing conditions; 
* curing conditions; 
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* age; and 
* manner of testing. 
In various ways, the factors listed above determine the degree of hydration 
and the phase composition and microstructure of the hardened paste, which in 
turn determine its physical properties including strength. 
Taylor (1990) discussed a number of empirical relationships between the 
compressive strength and porosity of cement pastes and quoted a number of 
equations for compressive strength. He stated that the strength cannot be 
explained simply by relating it to porosity or pore size distribution and 
discussed what holds the material together and what happens when it fails. 
Although Van der Waals forces exist between any atom and its near 
neighbours, there are probably much stronger forces present in the hydrated 
cement products. These comprise ionic-covalent bonds, ion-dipole attractions 
(e. g. between Ca2+ ions and H2O molecules) and attraction between permanent 
dipoles, including hydrogen bonds. 
It can be seen from the above that the chemistry of cement and its hydration 
is a very complex subject which is probably not fully understood at the present 
time. The strength of hardened cement pastes may be predicted by empirical 
relationships but detailed relationship between the strength and atomic 
structure is far from clear. 
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2.5 WATER 
The water used for mixing with cement is usually required to be fit, for 
drinking although river and sea water have been used for making concrete. 
In this country it is normal to use tap water obtained from the mains supply 
which, although suitable for drinking, may contain many impurities when 
compared to pure water H20. 
The water may contain various soluble salts such as Cat+, Mg'-+, Na+ and Cl' 
ions etc. Water is a strongly dipolar molecule in which the positively charged 
hydrogen atoms are connected to negatively charged oxygen atoms by means 
of hydrogen bonding. 
One of the most striking properties of water is its ability to dissolve many 
substance. It comprises hydrogen and oxygen combined. Pure water has a 
ph value of 7 which means that it is neither acidic nor alkaline. Atmospheric 
carbon dioxide readily dissolves in water and other impurities are usually 
present depending on the environment. 
The ability of water to dissolve, the polarity of the water molecules and its 
ability to form hydrogen bonds, play important parts in the formation of 
colloidal suspensions. 
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The particular interest in this dipolar molecule with regard to the grout 
behaviour lies in its solvent properties and the hydration characteristics it 
induces in clay particles. As previously described, bentonite particles carry 
a negative charge on the face and may carry a positive charge at the edges. 
Water molecules with their dipolar character have the power to link to positive 
ions via the negatively charged oxygen atoms and so to hydrate them and 
increase their size. 
2.6 CEMENT/CLAY SUSPENSIONS 
A cement/clay suspension may be considered as a three component system of 
clay, cement and water. Guner (1978) used a triangular diagram for such a 
system as shown in Figure 2.15. The zone ABCD is the area of significance 
in engineering practice. Above AB, the mix will segregate or bleed. This is 
undesirable as it leads to water pockets in the grouted voids or fissures 
thereby failing to seal or consolidate the ground being grouted. Below CD, 
there may be insufficient water for complete hydration and wetting of the clay 
and cement. Compaction of the material may become very difficult requiring 
special equipment and the input of compaction energy. 
The boundary EF can be drawn, determined by the permissible flow 
properties of the mixes. Mixes within zone ABFE may be considered as those 
mixes which can flow under their own weight or low pressures. Below EF 
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are plastic pastes and above are fluids. From a practical point of view, mixes 
in the zone ABFE are the ones which are likely to be of use as grouts, the 
position of the grout mix within this zone depends on the properties and 
strength of the mix. 
According to Guner (1978), in the fluid zone, i. e. above line EF, the effects 
of cement become noticeable at about 0.3 per cent cement content (Hutchinson 
et al, 1975). Portland cement of between 5 to 10 per cent content decreases 
the stability of a4 per cent bentonite suspension and increases the bleeding 
and gel strength. The rate of gain of mechanical strength is slow and the 
shear strength is 0.01 - 0.1 MPa at 28 days. Bleeding and mechanical 
strength increase with increasing cement content. 
Guner also indicated that at low clay contents, the cement becomes the 
dominant component and therefore the water/cement ratio must be low to 
obtain stable mixes which do not bleed. The clay reduces bleeding at higher 
concentrations of about 1 to 2 per cent (Esen and Seylum, 1970, Bruere, 
1974). 
From an engineering point of view, values for clay/cement ratios emerge 
which will give practical limits for useable grouts. 
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2.7 MODE OF PARTICLE ASSOCIATION IN BENTONITE/ 
CEMENT GROUTS 
As explained in Section 2.3, bentonite particles carry a negative charge which 
is compensated by exchangeable cations which lie between the unit layers. In 
Section 2.4, it was stated that hydrated cement products release positively 
charged calcium ions (Ca2+). 
When the bentonite and Ordinary Portland cement particles are mixed together 
in water, the negatively charged bentonite particles and the positively charged 
cement particles are attracted to each other and the system usually shows 
mutual flocculation (Van Olphen, 1963). 
The particles coagulate and during the first few minutes of mixing the slurry 
may become very stiff or viscous (Caron, 1973). This stiffening may also be 
associated with a false set or flash set of the cement (see Section 2.4 for an 
explanation of these phenomena). 
Jones (1964) has stated that in cement-bentonite grouts, conversion of the 
bentonite to its calcium-exchanged form undoubtedly occurs through reaction 
with free lime derived from the cement. The calcium bentonite is then 
flocculated by the excess of cations (mainly calcium) present in solution in the 
continuous phase. The floes, so formed, are still gelatinous and prevent 
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sedimentation of the relatively coarse cement particles. Jones also stated that 
the primary role of the bentonite is that of a suspending agent. 
Guner (1978) stated that the electrolytes dissolving from the cement also cause 
the bentonite to flocculate by suppressing the double layer. The gel strength 
of the bentonite suspension increases but the later decrease in gel strength and 
viscosity is probably due to the aggregation of bentonite particles to form 
larger individual particles with a lower number of contacts per unit volume of 
suspension. At this stage, the cement particles, or flocs, are surrounded with 
a layer of bentonite particles and the rate of increase in electrolyte 
concentration is reduced. The bcntonite layer forms a relatively impermeable, 
less reactive layer around the silica and alumina gel on the cement particle, 
thus hindering the hydration of the cement and preserving the colloidal 
properties of the grout. 
Guner (1978) outlined three ways in which hydration of the cement could 
proceed when the cement particle is surrounded with bentonite particles. The 
hydration should proceed at a rate in proportion to the amount of water 
passing through the outer layers and diffusing into the unhydrated core. He 
also stated that it is possible that the newly produced hydrate envelope grows 
from within by the action of water that penetrates the protective film. 
Alternatively, the dissolved silicates from the cement grain may pass through 
the envelope and precipitate as an outer layer. The volume of hydration 
products will be at least twice that of the unhydrated cement and the outer 
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layer will probably rupture thus allowing further hydration. A third 
possibility is that the colloidal solution precipitates throughout the mass after 
the condition of saturation has been reached during initial mixing. He has 
also stated that whatever the mechanism of hydration, not every 
bentonite/cement slurry gains mechanical strength. 
Kim (1984) studied the behaviour of bentonite slurries when contaminated 
with cement. He stated that when cement is added to bentonite slurry: the 
sodium ions in the slurry are replaced by calcium ions from the cement; the 
sodium bentonite is converted into calcium bentonite which possesses high 
bonding energy, and the bentonite particles flocculate and the slurry develops 
a high gel strength. If the calcium ion (Ca2+) content is high enough, the 
flocculated system will change to an aggregated system as a result of 
neutralization of negative charges on the bentonite particle surface by positive 
calcium ions from the cement. 
Rogers (1963) considered the effects of calcium ions on the gel strength of 
sodium bentonite and Figure 2.16 illustrates a schematic diagram of this. A 
to B represents small clumps of hydrated sodium bentonite increasing the 
lattice spacing but beginning to flocculate. As the calcium ion concentration 
increases, point C is reached where sodium ions on the particle surfaces are 
displaced by the more strongly absorbed calcium ions. This reduces the 
negative repulsive forces and allows intense flocculation and hence there is a 
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sharp rise in gel strength. Beyond C, the bentonite particles tend to aggregate 
and the gel strength drops, the gel strength and viscosity reduce as a result of 
the fewer particles available to form a rigid network. 
Plee, Lebenko et al (1990) stated that from the known chemistry of cement 
hydration there are three major factors that are likely to modify the properties 
of a bentonite slurry when cement is mixed with it: a dramatic pH rise; a 
supersaturation of calcium (Ca *) ions; and less importantly, a non neglible 
potassium (K+) ion concentration. These factors would be expected to cause 
a high concentration of calcium ions that would yield a calcium exchanged 
bentonite with thick pore walls and a low water retention capacity. A large 
ionic strength due to the compression of the electrical double layers which is 
a well known flocculation factor and gelation of the bentonite as the pH value 
of Portland cement pastes is precisely in the region where bentonites are 
known to gelate. 
They took electron microscope photographs of a bentonite/cement slurry 
containing 0.03 kg of bentonite, 0.1 kg cement and 1 kg distilled water to 
show the evolution of the micro texture by freeze drying samples of the 
suspension at different ages from zero to 24 hours from the time of mixing 
(see Plate 2.1). Immediately after mixing, the slurry is characterised by a 
disconnected and very disordered microstructure showing cavities of the order 
of 2 to 5 microns. The bentonite particles become less and less visible as the 
hydrated calcium silicate and aluminate phases of the cement grow. The 
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characteristic fibrous shape of the hydrated cement crystals are clearly visible 
at 24 hours. 
2.8 MIXING OF BENTONITE/CEMENT GROUTS 
The components to be mixed consist of three materials, namely, bentonite 
powder, cement powder and water. These materials can be mixed in a 
number of alternative ways, for example: 
* the bentonite and cement powders can be mixed together dry and then 
added to the water; 
" the bentonite can be mixed with some of the water to form a slurry, 
the cement can be mixed with the remaining water to form another 
slurry and the two slurries then mixed together; 
s the bentonite can be mixed with all of the water to form a slurry and 
then the cement mixed in; and 
* the cement can be mixed with all of the water to form a slurry and 
then the bentonite mixed in. 
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Plate 2.1: Electron microscope photographs of freeze dried 
bentonite/cement slurry after increasing ageing times (t) (after Plee, 
Lebedenko et al, 1990). 
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Guner (1978) stated that most particulate silicates wet easily when mixed with 
water but require extra energy input to disperse. The extra energy is 
proportional to the specific surface area and the flocculating forces. Vigorous 
mixing is needed to disperse bentonites and still more vigorous mixing to 
disperse a mixture of bentonite and Portland cement. 
Techniques and apparatus for mixing clay and cement suspensions have been 
developed and high turbulence mixing is recommended (Colas des Francs, 
1975). Houlsby (1990) gave a good account of the types of mixers used in 
industry. High speed, colloidal type mixers with 1200 to 1500 r. p. m. are 
normally required with appropriate agitators (Deere, 1982). 
The construction of a secant pile wall at Kingston upon Thames comprised 
contiguous concrete male piles secanted into female bentonite/cement/pfa 
piles. Cement was mixed into the bentonite slurry in the pile borehole by 
using an air lift pump causing the slurry to flow into a mixing hopper where 
the cement was added. The use of compressed air to agitate and circulate the 
mixture ensured thorough mixing (Ground Engineering, 1985). 
In "Grouting Design and Practice" (1969), the authors stated that grouts may 
be prepared by: forming a bentonite-water suspension and then adding the 
required amount of cement; or by premixing dry bcntonite and cement and 
adding these to the water. A high speed mixer with a high shearing action is 
essential and the cement should be added slowly as a marked thickening 
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occurs. Natural sodium bentonite will hydrate fully within about five minutes 
but the processed material takes up to 24 hours. The bentonite powder is best 
dispersed when added slowly to the mixer and at least two minutes of mixing 
is required to give adequate dispersion and suspensions. 
Caron (1973) investigated the properties of bentonite/ cement mixtures for use 
in the construction of precast concrete diaphragm walls. He mixed the 
materials together in several ways: 
* the cement was added to the water before the bentonite; 
* the cement and bentonite were added to the water at the same time; 
* the bentonite was added to the water and allowed to hydrate for 10 
minutes and then the cement was added; 
* the bentonite was added to the water and allowed to hydrate for 1 hour 
and then the cement was added; and 
* the bentonite was added to the water and allowed to hydrate for 24 
hours and then the cement was added. 
He found that there were always three distinct phases to the evolution of the 
rheological properties: 
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* First phase - almost immediately after the cement was added, there 
was a false set with a corresponding large increase in viscosity as 
measured with the Marsh cone. This was caused by the absorption of 
the water by the cement and the flocculation of the bentonite caused by 
the cement. 
* Second phase - after a few minutes of continued mixing, the false set 
was broken down and the viscosity decreased. The lime from the 
cement caused the sodium bentonite to partially transform to calcium 
bentonite which is less hydroscopic, thereby releasing water which 
made'the grout become more fluid. 
" Third phase - after a few hours, the cement started to set with the 
grout becoming more viscuous. 
Nash (1974) stated that thorough mixing is required for good performance. 
Clean fresh water should be used and high speed colloidal mixers have been 
found to assist in the full hydration of the bentonite. He has described how 
a cut-off wall was constructed near Cambridge using a mix of 200 kg cement 
with 40 kg of bentonite per cubic metre. The bentonite was first mixed with 
water and allowed to hydrate overnight. The cement was separately mixed 
with water and the two slurries were then combined. Nash did not report 
adversely on this method of mixing and thus it can be assumed that the 
method was successful. 
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Sabarly (1978) recommended that the bentonite suspension should be mixed 
with the water for at least 12 hours before the addition of the cement. The 
purpose being to ensure that the bentonite is fully hydrated before the cement 
is added so that the remaining free water can be used to hydrate the cement. 
Burgin (1979) stated that two methods of mixing may be used when preparing 
cement-bentonite slurries. The cement and bentonite can be blended dry and 
then added to water or the cement may be added to a previously mixed 
bentonite suspension. He used two different mixers in his investigations. A 
kitchen type blender with variable speed control was used for relatively fluid 
slurries or when mixing small quantities of grout. However, slurries with a 
high bentonite content were too viscuous to be well mixed by the blender. In 
these cases a variable speed drill (0-1200 r. p. m) with an S-shaped agitator was 
used. In all cases, the bentonite was mixed with the water and allowed to 
hydrate for at least 12 hours by storing in airtight containers. The cement was 
then slowly added to the bentonite slurry during high speed mixing using the 
electric drill. The mixing was terminated after two minutes. 
Jefferis (1981) stated that to mix a bentonite-cement slurry, the cement should 
be added to the pre-hydrated bentonite whilst the latter is being sheared in a 
mixer. The level of shear produced by the mixer effects the mix properties. 
A low shear paddle mixer running at 50 r. p. m. gave a weaker mix than a high 
shear mixer at 4000 r. p. m. 
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Jefferis (1982, pp. 62 to 77) carried out research into the effects of mixing 
bentonite slurries and grouts for the purpose of constructing slurry trenches. 
He considered the methods of mixing described above and his discussion is 
summarised as follows; 
(1) Dry mixing 
The cement and bentonite are mixed together and added to the water in the 
mixer. Calcium ions are released when the cement is mixed with the water 
and this prevents the bentonite particles from dispersing, the undispersed 
bentonite is unable to control the bleeding of high water/cement grouts. This 
type of mixing is only suitable for relatively high strength grout when the 
water/cement ratio is low. 
(2) Dry cement added to prehydrated bentonite 
The bentonite is mixed with the water and allowed to hydrate, after a period 
of time the dry cement powder is added to the mix in the mixer. Soon after 
the cement comes into contact with the slurry, the mix stiffens considerably 
but after a few minutes of continued mixing the mix becomes fluid again. 
Jefferis explained that the rapid stiffening is caused by the mutual flocculation 
of the negatively charged bentonite particles and positively charged cement 
particles. When the cement particles are completely covered by the finer clay 
particles, the positive charge of the cement particles is obscured and the strong 
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floc structure breaks clown so that the mix becomes fluid. As a result of the 
cations released by the cement some of the bentonite particles may aggregate 
and reduce the floc strength. 
As the dry cement is added, it is unlikely to be fully dispersed and bundles of 
cement grains become coated with bentonite. These bundles are very difficult 
to break down and can be seen as dark nodules in the grout when viewed 
through a magnifying glass. These nodules lower the effective concentration 
of the cement in the mix and form local stress concentration points when 
subjected to load giving a reduction of strength of as much as 25 per cent. 
(3) Pre-dispersion of the cement 
If the cement is mixed with water to give a water/cement ratio of about 0.5 
and then added to the hydrated bentonite, the cement is well dispersed in the 
mix and although the stiffening and subsequent fluidification occurs as in (2) 
above and for the same reasons, the mix is much more homogeneous and 
nodules of undispersed cement are seldom found. 
Jefferis (1982) also looked at the rheological properties of bentonite/water 
slurries and how these relate to the method of mixing. He used a propeller 
mixer at speeds from 2000 to 10000 r. p. m. and concluded that the apparent 
viscosity continually increases with time at least until three years after mixing 
as a result of continuing delamination of the clay particles. As a result of this 
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delamination other properties of the slurry change with time: the permeability 
of the gelled slurry decreases and the gel strength increases. 
Chapuis, Pare and Loiselle (1984) performed laboratory tests on bentonite- 
cement mixes. They added the cement to bentonite-water suspensions and 
found that there was an immediate increase in viscosity due to the absorption 
of water by the cement and bentonite flocculation. After a short period of 
agitation the false set was destroyed with the heat of hydration of the cement 
causing the sodium bentonite to partially change to calcium bentonite and the 
mix turned fluid again after a few minutes. In the following hours, the 
cement slowly started to set and the mix became more viscuous and less 
deformable. 
Plee, Lebedenko et a] (1990) investigated the microstructure, permeability and 
rheology of bentonite/cement slurries. The slurries were prepared by 
dispersing the bentonite in distilled water using a deflocculating turbine at 
2700 r. p. m. for five minutes, the slurry was then allowed to stand for one 
hour and the cement was then added and mixed under the same conditions for 
five minutes. 
Wanda (1988) investigated the properties of bentonite/cement grout for 
surrounding inclinometer tubes. He premixed the bentonite and cement 
together as dry materials and then added this to the water in a hand operated 
paddle mixer where it was slowly agitated for one hour. He concluded that 
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the manually operated paddle mixer was not efficient, and that premixing the 
solid materials and then adding them to water was not the most appropriate 
method of mixing as some lumps of undispersed solids were observed in the 
freshly mixed grout. He recommended that motor powered mixers should be 
used for more efficient mixing and also that the bentonite should be 
thoroughly mixed with water prior to adding the cement. 
Talukder (1989) used the same mixing method as Wanda (1988). He reported 
that it was difficult to mix the grout with the hand operated paddle mixer and 
he recommended that motor powered mixers should be used. 
Jones (1990) investigated the shear strength development of bentonite/cement 
grouts. He premixed the dry bentonite and cement together for ten minutes 
in an electrically driven mechanical food mixer with beating blades fitted, he 
then added the water and continued mixing for a further 30 minutes. He 
reported that the mixing procedure caused a problem, large flocs of bentonite- 
cement blocked the mixing blade and so the mixer had to be stopped and the 
solids scraped back into the mixer. Overall, most of the formulations 
produced good mixes with little or no lumps. He concluded that the 
mechanical mixer used was quite an efficient mixing device but that premixing 
the solids before adding then to water was not a very efficient method as 
lumps of undispersed materials were observed in the freshly mixed grout. 
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Middleton (1992) continued the work started by Jones (1990). He also used 
the electric food mixer and premixed the dry materials although he added the 
dry mix to the water already in the mixing bowl, he also had problems with 
blockage of the mixing blade. 
2.9 SUMMARY 
The materials used in bentonite/cement grouts, namely bentonite, cement and 
water, are complex. The mode of particle association between the bentonite 
and cement is not fully understood although it is effected by the electrical 
charges on the particles. 
Mixing of the materials is difficult. Different methods of mixing have been 
tried. The most successful and most widely used is to mix the bentonite with 
water and to allow the bentonite to hydrate for a reasonable period of time and 
to then add the cement to the hydrated bentonite slurry. High shear mixers 
are required to ensure that the particles are well dispersed. 
Problems have been encountered with rapid increases in viscosity as the 
cement has been added resulting in a very stiff mix. This has been explained 
by the mutual flocculation of the bentonite and cement particles. Continued 
agitation causes the mix to turn fluid again after a few minutes. 
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CHAPTER 3 
I 
REVIEW OF PREVIOUS RESEARCH 
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3.1 INTRODUCTION 
Previous research has involved cement grouts with additions of relatively 
small amounts of bentonite to alter the properties of the grout. Some work 
has been carried out at Loughborough University using bentonite grouts with 
additions of cement in order to produce clay-like material which would be 
suitable for backfilling inclinometer tubes set into clay soil (Wanda 1988, 
Talukder 1989, Jones 1990, Middleton 1992). 
Several researchers have used different types of cement and bentonite, using 
different mixing methods. In most published papers it is not clear which types 
of bentonite or cement were used. Some researchers have investigated the 
rheological properties of the fresh grout and/or the strength of the hardened 
grout usually in unconfined compression. Previous work at Loughborough 
University involved the measurement of grout shear strength from one day age 
onwards using the hand shear vane apparatus. 
This review considers the viscosity, compressive strength and shear strength 
of bentonite/cement grouts and is presented in chronological order for each of 
these. 
Figure 3.1 summarises the mixes considered by previous researchers on a plot 
of water/cement ratio against bentonite content. 
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Figure 3.1 - Bentonite/cement mixes considered by previous researchers. 
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3.2 VISCOSITY 
The viscosity of the freshly mixed grout is important for the grouting of soils 
and fissured rock. If the grout is too viscous, the grout will not penetrate and 
very high pumping pressures will be required. If the grout is thinned with 
water to make it less viscous, bleeding of the grout may occur with some 
fissures filled only with water. 
With bentonite/cement grouts, it is clear that viscosity will vary with time. 
The thixotropic properties of the bentonite suspension will cause the grout to 
gell after a period of time and the hydration of the cement causing it to set 
will stiffen the grout with time. 
The viscosity of a fluid is usually measured in the laboratory with some form 
of rotational viscometer. The most common is probably the Fann type 
viscometer in which a cylinder is rotated inside a cup containing the fluid. 
The torque required to rotate the cylinder at a certain speed is measured and 
from this the dynamic viscosity can be calculated in centipoises. These 
instruments are not normally used on site as some form of site laboratory 
would be required. 
The time grout takes to flow through some form of standard funnel or flow 
cone is usually used for quick indirect measurements of viscosity in the field. 
The most common of these is the Marsh Flow Cone as illustrated in Figure 
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3.2. Other suitable flow cones are the ASTM Flow Cone, the Prepakt Cone 
and the Mecasol Cone (Houlsby, 1990). The Marsh Flow Cone method 
involves placing the grout in the cone up to a graduated level and measuring 
the time of flow of 946 ml (1 US quart) through the outlet of the cone. This 
would be 26 seconds for water, and more vicous fluids or suspensions would 
take longer. 
Littlejohn (1982) considered cement based grouts and stated that the 
relationship between plastic viscosity and water/cement ratio could be 
expressed approximately in the form of the Arrenhius equation: 
yp = yoe 
k/w 
where: yo = the viscosity of water (0.01 poise); 
yP = the coefficient of plastic viscosity; 
k= constant (range = 1.6 to 2.2); and 
w= the water/cement ratio. 
Littlejohn also presented flow curves for neat cement grouts (see Figure 3.3 
and Table 3.1) and stated that these curves indicate a rapid increase in 
viscosity and shear strength at water/cement ratio < 0.9. 
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Figure 3.2: Dimensions of the Marsh Flow Cone (after Houlsby, 1990) 
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Kravetz (1958) reviewed the properties of grout mixtures and stated that the 
two most commonly used methods for measuring the viscosity of grout were 
the Marsh Cone and the Stormer type viscometer tests. He gave curves of 
viscosity against solid/water ratio by weight for various mixtures of clay- 
cement grouts (see Figure 3.4). These curves demonstate that: as the 
solid/water ratio is increased for any given mix, the viscosity increases; and 
mixes with high clay/cement contents have greater viscosities than mixes with 
low clay/cement contents at any given solid/water ratio. This indicates that 
the clay content causes greater viscosity than the cement content. 
Greenwood and Raffle (1964) gave the properties of a cement-bentonite grout 
comprising a five per cent suspension of hydrated sodium bentonite with 
cement added in proportion 1: 1. Table 3.2 shows that the plastic viscosity 
was 90 cP. They also gave compared a clay-cement grout with a clay- 
chemical grout. 
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Figure 3.3: Flow curves for neat cement grouts (after Littlejohn, 1982) 
Table 3.1: Shear strength and plastic viscosity of neat cement grouts 
(after Littlejohn, 1982) 
W/C ratio Shear Strength 
(dynes/cm2) 
Plastic Viscosity 
(poise) 
0.3 3840 4.03 
0.4 670 0.90 
0.5 230 0.37 
0.6 120 0.20 
0.7 70 0.13 
1.0 29 0.06 
2.0 10 0.025 
5.0 5.3 0.014 
10.0 4.3 0.012 
20.0 3.9 0.011 
Water 0 0.010 
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Table 3.2: Properties of certain grout mixes (after Greenwood and Raffle, 
1964) 
Cement Clay content Total solids Plastic Bingham Shear Unconfined Gel strength ht 
content (weight of clay (grams risrorrrr yield strength cube conlpressire torsional shear 
Type of (grains of as percentage weight per Density at 20, C value dyn'cm' strength at 7 at 24 hours 
grout cement per of weight of litre of g cm° cP dyn/cm- da%s dyn, 'em= 
litre of cement) grout) Ib, ins 
grout) 
Cement- 
bentonite 780 4.75 820 1.56 90 1.275 600 680 - 
Clay- 
cement 100 47.5 147 109 10 400 60 3 - 
Clay- 
chemical 57 1.07 5.2 4.5 3 13,700 
Nose: I Ib: ms is approaimatel) equal to 69.000 dyn'cma 
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Figure 3.4: Basic viscosity curves for clay-cement grouts (after Kravetz, 
1958) 
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Nash and Jones (1964) developed curves of plastic viscosity against solids 
content for Fulbent 570 bentonite and other types of clay. Figure 3.5 
demonstrates that the bentonite suspension had much greater viscosity at lower 
solids content than other types of clay. 
Caron (1973) investigated the use of bentonite-cement grouts for the 
construction of precast concrete diaphragm walling. He used the Marsh Flow 
Cone and produced a curve showing the evolution of the apparent viscosity 
against time (see Figure 3.6). This curve shows a very sudden increase in the 
viscosity when the cement is added. However, after a short time of continued 
mixing the flow time dropped to 45 seconds for the particular mix being 
considered. He also gave curves showing the development of viscosity against 
time for different concentrations of bentonite at cement/water ratios of 0.2 and 
0.4. 
Burgin (1979) investigated the properties of cement-bentonite grouts for the 
improvement of dam foundations. He used the Marsh Cone as a measure of 
"fluidity" (an indirect measurement of viscosity) and tested 30 grout mixes 
immediately after the mixing was completed. Figure 3.7 shows curves of 
"fluidity" against cement/water ratio for different bentonite contents ranging 
from 0 per cent to 8 per cent. 
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Figure 3.5: Viscosities of clay suspensions (after Nash and Jones, 1964) 
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Burgin found that for neat cement grouts (i. e. no bentonite) the flow time did 
not appreciably increase below a cement/water ratio of 1.25 (water/cement 
ratio = 0.8). The addition of bentonite to the mixes caused a marked 
decrease in "fluidity", with flow times in excess of 60 seconds for many of 
the mixes. Grouts with high flow times could not be collected from the 
Marsh Cone as the grout would start to drip or sometimes stop flowing 
completely. He concluded that the bentonite content, as well as the water 
content, were controlling factors in a unique combination. 
Jefferis (1981) has given the properties of a typical bentonite-cement slurry 
used for the construction of a hydraulic cut off wall as shown in Table 3.3 
below. 
Table 3.3: Properties of typical bentonite/cement slurry (after Jefferis, 
1981) 
Density (kg/m') IF- 1080 
Marsh Viscosity (seconds) 11 30 - 40 
Apparent Viscosity (cP) 15 
Plastic Viscosity (cP) 9 
Gel Strength 10 sec/10 min 15/18 Pa 
pH 12.5 
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It is not clear what the mix proportions are although in another part of the 
paper he gave typical quantities of materials required to make 1 m3 of slurry 
as follows: 
* bentonite 40 - 100 kg; 
* cement 80 - 350 kg; and 
* water 850 - 950 kg. 
Chapuis, Pare and Loiselle (1982 and 1984) reported their laboratory test 
results on water-bentonite-cement mixes. They measured the viscosity with 
the Marsh Flow Cone and arranged the mixes to have flow times ranging from 
45 to 50 seconds, as they considered this range to give the optimum initial 
viscosity for construction purposes. 
Deere (1982) discussed cement-bentonite grouting for dam foundations. Much 
of his paper draws on the work of Burgin (1979). Deere stated that the 
addition of bentonite causes an appreciable increase in the funnel viscosity. 
For the grouting of dam foundations, a cement slurry with small amounts of 
bentonite, sufficient to reduce bleeding but ' not so great as to impare 
significantly the pumpability and penetrability, are preferred. 
Portier (1984) looked at the behaviour of bentonite-cement materials for new 
applications. He considered the viscosity of the grout measured with the 
Marsh Flow Cone for various bentonite mixtures at different concentrations 
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of lime (CaO). He found that the flow time was proportional to the quantity 
of bentonite in the mix and that there was a critical quantity of lime which 
caused very high flow times. Figure 3.8 shows the Marsh flow time against 
quantity of lime for different quantities of bentonite. The shaded area gives 
the ideal flow times of between 40 to 50 seconds for drilling slurries and for 
bentonite-cement grouts. 
Wanda (1988) made six mixes of bentonite/cement grouts and measured the 
viscosity using the Marsh Flow Cone immediately after mixing. He 
considered that the viscosity was controlled by the bentonite content and 
produced curves covering five of the mixes plotting viscosity against 
water/bentonite ratio and viscosity against percentage bentonite (see Figures 
3.9 and 3.10). From these curves he concluded that as the water/bentonite 
ratio was increased, the flow time reduced and tended towards 26 seconds, 
i. e. the flow time for water. He does not appear to have considered the 
effects of the cement content on viscosity. 
Talukder (1989) continued the work started by Wanda (1988). He also used 
the Marsh Flow Cone to measure viscosity of the fresh mixes and produced 
curves for six of the mixes showing viscosity against water/bentonite ratio and 
viscosity against percentage bentonite (see Figures 3.11 and 3.12). 
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Wanda's graphs of viscosity against bentonite content, are curves which show 
the rate of increase of viscosity increasing with an increase in bentonite 
content. Whereas, Talukder's graphs are reasonably straight lines which 
indicate a linear relationship between the viscosity and the bentonite content. 
It should be noted that Wanda's graph covers a range of water/bentonite ratios 
of 3.5 to 6.5 whereas Talukder's covers a range of 2.5 to 4. Wanda's graph 
could be considered as fairly straight for water/bentonite ratios below 4. 
Jones (1990) continued with the same work and also used the Marsh 'Flow 
Cone. His mixes had very high concentrations of bentonite in excess of 30 
per cent. He concluded that the viscosity increases progressively with 
bentonite content. As with Wanda and Talukder, he did not consider the 
effect of cement content on the viscosity. He produced a graph of viscosity 
against percentage bentonite, and in the range being considered, he obtained 
a reasonably straight line graph although he did not give any correlations (see 
Figure 3.13). 
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Figure 3.10: Effect of bentonite content on viscosity (after Wanda, 1988) 
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3.2 COMPRESSIVE STRENGTH 
Several researchers, as discussed below, have investigated the strength of 
bentonite/cement grouts. This has usually been done by measuring the 
unconfined compressive strength of the set grout using either small cubes or 
cylinders. 
Greenwood and Raffle (1964) stated that the 7 day unconfined comression 
strengths of the usual clay-cement grouts are generally in the range of 0.2 to 
5 lb/in2 (approximately 1.4 to 35 kN/m2). For a clay-cement grout containing 
100 gm cement per litre of water and a clay content of 47.5 per cent of the 
weight of cement, they gave a cube compressive strength at 7 days of 3 lb/in2 
(20 kN/m). 
However, if large amounts of cement are used, very high grout strengths can 
be obtained. For example, a cement-bentonite grout containing 780 gm 
cement per litre of water and a bentonite content of 4.75 per cent of the 
weight of cement, gave a cube compressive strength at 7 days of 680 lbs/in2 
(4690 kN/m). 
Jones (1964) stated that substantial additions of bentonite to cement slurry 
decrease the compressive strength of the set cement. He gave an interesting 
triangular diagram showing the compressive strengths of bentonite cement 
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grouts of different mixes. This diagram is worthy of some considerable study 
(see Figure 3.14). 
The diagram shows an increase in strength with increasing cement content and 
decreasing water content. For example, at 20 per cent bentonite, 10 per cent 
cement and 70 per cent water, the strength was 10 lb/in2 (69 kN/m2). 
However, at 20 per cent bentonite, 30 per cent cement and 50 per cent water, 
the strength was about 150 lb/in2 (1035 kN/m2). Therefore, for a given 
bentonite content, the strength increases with a decrease in water/cement ratio. 
Similarly, it can be seen that for a given cement content, the strength 
increases with a decrease in water/bentonite content. For a given water 
content, the strength is reasonably constant as the bentonite content is 
increased up to about 20 per cent and the cement decreased, but as the 
bentonite content is increased above about 20 per cent the strength gradually 
decreases. 
Jones also showed the consistency regions on the diagram, from which it can 
be seen that the most useful grouts are those in region "d" which are free 
flowing, stable and pumpable suspensions. Region "d" generally lies between 
5 per cent and 15 per cent bentonite content with cement contents between 
about 5 per cent to 40 per cent, which correspond to water/cement ratios of 
about 17 to 1.25. In this region, the compressive strength varies from about 
say 51b/in2 (35 kN/m2) to 200 lb/in2 (1380 kn/m2). 
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Guner (1978) performed unconfined undrained compression tests on a number 
of bentonite/cement mixes with the cement content varying with Ordinary 
Portland cement and blast furnace slag. He tested his samples at 7 days, 28 
days and 91 days. Table 3.4 summarises his results: 
Table 3.4: Strengths of bentonite/cement slurries (after Guner, 1978). 
Mix no. Unconfined compressive strength (kN/m2) 
7 day 28 day 91 day 
00S 16 38 48 
20S 47 142 204 
40S 112 181 261 
60S 82 300 388 
70S 327 - 950 
80S 300 880 1250 
95S 546 1270 1510 
For all mixes, the water/cement ratio = 6.22. 
Bentonite content = 5% by weight of water. 
Mix no. represents the proportion of Ordinary Portland cement replaced by 
blast furnace slag, e. g. mix no. 40S = 40% of OPC replaced by BFS. 
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He found that replacement of some of the Ordinary Portland cement with 
ground blastfurnace slag caused an increase in the strength developement, e. g. 
the 91 day unconfined compressive stress ranged from 50 kN/m2 with no 
replacement of the OPC, to 1500 kN/m2 with 95% of the OPC replaced by 
blast furnace slag. All of his mixes had a water/cement ratio of 6.22 and a 
bentonite content of 5% by weight of water. 
+x 
He concluded that long-term strength, impermeability and durability are 
closely related to the amount of cementation and the stability of the cemented 
solid structure. Cements with higher blast furnace slag contents generally 
gave stronger and more durable slurries. 
Laporte Industries (undated) produce and market a sodium exchanged 
bentonite under the name of Brebent (previously Fullbent 570). They gave the 
properties of bentonite/cement grouts (see Tables 3.5 and 3.6) and stated that 
as the water/cement ratio increases, the resulting grouts become softer and it 
is no longer possible to measure their physical properties by cube compressive 
strength. Therefore shear strengths were measured using a cone 
penetrometer. The strengths given are for water/cement ratios from 1 to 20 
with 6 per cent bentonite content by weight of water. 
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Table 3.5: Strengths of rigid grouts (after Laporte Industries, undated) 
Grout composition Cube compressive strength N/m2 x 104 Water/Cement 
ratio 
Litres of kg. of kg. of 
lb nt 570 F 
1 day 7 days 28 days 
water Cement e u 
1: 1 100 100 6 207 965 1310 
2: 1 100 50 6 28 145 214 
5: 1 100 20 6 1 6 11 
7: 1 100 143 6 0.14 0.7 1.04 
Table 3.6: Strengths of two plastic grouts (after Laporte Industries, 
undated) 
Grout composition Shear strength N/m2 Water/Cement 
ratio 
Litres of 
water 
kg. of 
Cement 
kg. of 
Fulbent 570 I day 3 days 7 days 
10: 1 100 10 6 24 2730 4260 
20: 1 100 5 6 9.6 1100 1920 
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Table 3.7: Strengths of plastic grouts (after Steetley Minerals, undated) 
Grout composition Shear strength N m2 
Litres of 
water 
Kg Kg 
cement BerkbentCE 1 day 3 days 7 days 
100 5 4 389 682 1013 
100 10 4 499 1022 2405 
100 15 4 1088 3427 8174 
100 20 4 2376 5539 23472 
100 5 6 883 1618 2669 
100 10 6 1445 3370 6288 
100 15 6 2126 6898 14496 
100 20 6 2774 13248 30480 
100 5 8 1349 3029 5280 
100 10 8 2602 6576 11232 
100 15 8 3451 12000 19200 
100 20 8 4498 24096 46416 
Table 3.8: Strengths of rigid grouts (after Steetley Minerals, undated) 
Grout composition 
Cube compressive strength 
N'm2x 10' 
Water cement 
ratio 
litres 
water 
Kg 
cement 
Kg 
BerkbentCE 1 day 7days 28 days 
0.75: 1 100 133 5 263 1262 2289 
0.75: 1 100 133 7 251 1048 2386 
1: 1 100 100 5 100 645 1276 
1: 1 100 100 7 83 583 1243 
2: 1 100 50 5 4 45 148 
2: 1 100 50 7 16 78 163 
3: 1 100 33 5 0 13 46 
3: 1 100 33 7 0 28 79 
4: 1 100 25 5 0 2 34 
4: 1 100 25 7 0 5 34 
5: 1 100 20 5 0 12 11 
5: 1 100 20 7 0 2 23 
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Steetley Minerals (undated) manufacture Berkbent CE which is also a sodium 
exchanged bentonite. They gave the strengths for water/cement ratios from 
0.75 to 20 with bentonite contents from 4 per cent to 8 per cent by weight of 
water. The shear strengths were measured by cone penetration and the 
compressive strengths are the cube compressive strengths (see Tables 3.7 and 
3.8). 
From these figures as produced by Laporte Industries and by Stectley 
Minerals, it is clear that the strength increases with decreasing water/cement 
ratio, (i. e. the strength increases with increasing cement content), and usually 
increases with increasing bentonite content. A careful study of the figures 
indicates that, for the same water/cement ratio, an increase in bentonite 
content has more influence on the early age strengths than on the later 
strengths; e. g. considering the Steetley figures, the compressive strengths at 
28 days are very similar for mixers containing 5 per cent and 7 per cent 
bentonite, but are less so at 1 day and 7 days age. In low water/cement 
mixes, the early age strengths are decreased by an increase in bentonite 
content, but as the water/cement ratio is increased, the early age strengths are 
increased by an increase in bentonite content. 
It would appear that an increase in bentonite content has less effect on 
relatively high cement content mixes than on relatively low cement content 
mixes. The differences being more noticeable at early rather than at later 
ages. It is interesting to note that for water/cement ratios of 0.75 and 1, an 
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increase in bentonite content from 5 per cent to 7 per cent causes a decrease 
in the strength. However, above a water/cement ratio of 2, an increase in 
bentonite content causes an increase in the strength. 
Perhaps this can be explained by the bentonite restricting the hydration of the 
cement in the early stages, with higher bentonite contents having a more 
marked effect. As the age of the grout increases, the cement is able to 
hydrate more readily so that at 28 days, the bentonite has less effect on the 
hydration of the cement. With low cement content grouts, the gell strength 
of the bentonite dominates the early age strength but this effect is reduced 
with age as the cement strength starts to increase. 
Caron (1973) investigated the strengths of bentonite/cement grouts. He stated 
that the principal factor effecting the strength was the water/cement ratio, but 
the bentonite content was a secondary factor. He quoted the general 
relationship that the compressive resistance (R) is a function of the 
cement/water ratio (C/E) as follows: 
R=f (C/E). 
ti 
In France, it is usual to use the cement/water (C/E) ratio rather than the 
water/cement ratio as used in the UK. Caron produced a plot showing the 
variation of compressive strength as a function of the cement/water ratio for 
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clay/cement grouts with different clays (see Figure 3.15). From this he 
arrived at the relationship for the 28 day strength; 
R, r = 100 (C/E)2 
for cement/water ratios from 0.1 to 0.7 (i. e. water/ cement ratios from 10 to 
1.4). 
He also considered the strengths of cement grouts with different types of 
cement which included Ordinary Portland Cement as well High Alumina 
Cement and other types (see Figure 3.16). He considered the influence of the 
bentonite content and gave values of the 28 day and 90 day compressive 
strengths for a few mixes with different mixing sequences (see Table 3.9). 
For bentonite contents of around 4 per cent by weight of water and a 
water/cement ratio of about 5, he gave the 28 day strengths of about 4.5 
daN/cm2 (450 kN/m2) and the 90 day strengths of about 7 daN/cm2 (700 
kN/m). 
Burgin (1979) performed unconfined compressive strength tests on bentonite/ 
cement grouts with bentonite contents up to 8 per cent by weight of water and 
cement/water ratios from 0.3 to 1.52 (i. e. water/cement ratios from 3.33 to 
0.66). He produced curves of the unconfined compressive strength against 
bentonite content for different cement/water ratios at 7 days and 28 days ages 
(see Figures 3.17 and 3.18). He stated that for the 7 day strengths, the 
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Figure 3.15: Compressive strength against water/cement ratio for 
clay/cement grouts (after Caron, 1973). 
111 
1001--- 11 
90 Jours Ib 
50 -" 
ed ' ý' 
e 
= T` 
ä 
o ý....,.... _, 0° 
----- - 
0,25- 
--- 
0,5_ a cue0,75 
20 
C-M 
7 Jours aýumioa, 
lo- 
7 0,25 0,5 0,75 
Z 
ý28Jours 
50 -- 1FQ 
Fy 
ýý 
C-ni 
i 
alvýýlul 
00y0.2 
5 0,5 0,75 
Figure 3.16: Strengths of cement grouts against water/cement ratio for 
different types of cement (after Caron, 1973). 
Table 3.9: Compressive strengths of bentonite cement grouts (after 
Caron, 1973). 
INFLUENCE DU DEGRE D'HYDRATATION DE LA BENTONITE SUR LA RESISTANCE D'UN COULIS 
C/E 0,2, VISCOSITE INITIALE 40 -- 1 SECONDES MARSH 
}3entonite 
FTP: en g/ Ressuage C/E reel Ordre 
d'introduction 
Resistance ä la compression 
simple en daN/cm2 
litre d'eau en % des constituants 28 jours 90 jours 
115 2,15 0.21 ciment avant la bentonite 4.13 7.00 
70 2 021 ciment et bentonite en meme 4,77 x, 35 
temps 
40 2 0.21 ciment dans la boue de bento- 4,22 6,33 
i nite hvdratce 10 mit 
38,8 2,3 10 213 ciment dans la boue de bento- ; 4,33 7 43 
nite h%, dralee I heure 
3S. S 2,3 0 -13 ciment clans 
la boue de bento- 4,97 T, 37 
nite hvdratee 24 h 
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cement/water ratio is the dominant factor controlling grout strength. The 
addition of 2 per cent bentonite was found to decrease the 7 day strength with 
larger percentage decreases at lower cement/water ratios (e. g. the strength loss 
at cement/water ratio 1.0 was 46 per cent and at cement/water ratio 1.52 was 
21 per cent). Subsequent additions of 4 per cent, 6 per cent and 8 per cent 
bentonite did not produce any significant additional reduction of strength 
regardless of the cement/water ratio. He noted that for cement/water ratio 0.3 
and 8 per cent bentonite the inner cores of the failed cubes were still very wet 
and soft, indicating that the bentonite prohibited the small amount of cement 
from achieving an adequate set. The grout with cement/water ratio 0.75 and 
2 per cent bentonite gave what appeared to be an unusually low 7 day 
strength. 
The 28 day strengths showed gains for all the grouts tested, with grouts 
containing bentonites achieving strength increases averaging 55 per cent over 
the 7 day strengths. The increasing bentonite contents had the same effect at 
28 days as they did at 7 days. Grouts with low cement/water ratios 
experienced large strength reductions of over 70 per cent when 2 per cent 
bentonite was added. The bentonite's influence was reduced as cement/water 
ratios approached 1.5 (water/cement ratio 0.67). As for the 7 day tests, the 
grout with a cement/water ratio 0.75 gave an unusual result for 2 per cent 
bentonite, no explanation was given for this anomaly. 
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Burgin produced an interesting grout design diagram (sec Figure 3.19) for the 
28 day strengths, on which he marked an area within which the grout would 
have the optimum properties of Marsh Flow Cone time of 38 to 42 seconds 
together with the sedimentation of the solids less than 5 per cent. The 
intention being that a grout mix could be designed for a particular strength 
with optimum qualities. 
Chapuis, Pare and Loiselle (1984) performed laboratory tests on a number of 
bentonite/cement grouts for use in flexible cut off walls. They considered 
cement/water ratios from 0.15 to 0.25 (water/cement ratios from 6.7 to 4.0) 
and bentonite contents of 2.8 to 3.5 per cent by weight of water. They also 
performed unconfined compression tests at 7 days, 28 days and 90 days age. 
The details of the mixes and the results are given in Tables 3.10 and 3.11. 
A graph of unconfined compressive strength against cement/water ratio is 
given in Figure 3.20 for mix numbers 10 to 13 which had 3.5 per cent 
bentonite content with 2 per cent retarder. The curves are of similar shape, 
with the strength increasing as the cement/water ratio was increased (i. e. 
increasing cement content), although these begin to level off at cement/water 
ratio 0.25. Also, the strengths increased with age, as would be expected. 
From the data given in Tables 3.10 and 3.11, it can also be seen that strength 
increases with an increase in bentonite content for the same cement content 
within the range of mixes considered. 
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Table 3.10: Characteristics of mixes (after Chapuis, Pare & Loiselle, 
1984) 
Mix No. I 2 3 4 5 8 10 11 12 13 14 15 16 17 
Retarding agent (%) 0 0 0 0 0 0.1 0.2 0.2 0.2 0.2 0 0 0 0 
S/W(%) 0 0 0 0 0 0 0 0 0 10 10 10 10 10 
C/W (%) 15 17.5 20 25 30 20 15 17.5 20 25 12.9 15 2J 25 
B/W (%) 2.8 2.8 3.0 3.0 3.0 3.5 3.5 3.5 3.5 3.5 3.0 3.0 3.0 3.0 
Initial density (g/cm3) 1.11 1.12 1.13 1.16 1.19 1.12 1.11 1.13 1.15 1.18 1.15 1.16 1.19 1.22 
Initial viscosity (s Marsh) 46.4 55 47.6 45.2 51 49 47 47.6 46 47.2 43.8 44 46.4 48 
Bleeding (vol. %) - 0.7 1.1 0.9 1.6 1.1 1.2 1.5 1.7 1.8 2.1 1.8 1.4 1.4 
Setting time (h) - 4.8 - 3.8 3.8 13.5 23.4 23.8 2I . 
`2 26.0 - - - -- 
After filtration 
B/W(%) - - 3.9 - - - - - 5.7 - - - C/W M - - 26 - - - - - 32.5 - - - 
P (g/cm') - - 1.18 - - - - - 1.23 - - - 
Yore: 8 bentomte. C cement, W, water, all percentages per weight 
Table 3.11 - Compressive strength of bentonite cement mixes (after 
Chapuis, Pare & Loiselle, 1984). 
Mix No. 
1 2 3 4 5 8 10 11 12 13 14 15 16 17 
Q at 7 days (kPa) 
Q. at 28days(kPa) 
Qatcured (kPa) 
Q at 90days(kPa) 
k (x 10-6 cm/s) 
24 
60 
80 
90 
- 
37 
72 
72 
89 
- 
57 
124 
109 
141 
0.9 
62 
185 
176 
196 
2.2 
150 
295 
270 
343 
3.2 
51 
147 
164 
210 
- 
43 57 
113 150 
152 183 
157 195 
- 1.3 
81 
202 
238 
273 
1.0 
95 
251 
283 
343 
1.2 
14 
36 
51 
51 
- 
24 
58 
75 
80 
- 
36 
113 
122 
149 
- 
83 
218 
216 
274 
- 
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Figure 3.20: Compressive strength against cement/water ratio (after 
Chapuis, Pare & Loiselle, 1984). 
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Chapuis, Pare and Loiselle stated that the unconfined compressive strength Q, 
may be related to the C/W ratio by a formula, with a constant K which varies 
greatly for different bentonites and cement, such as: 
Q= K (C/W)'. 
They quoted Caron (1973) and state that the exponent n ranges from 1.4 and 
2.9 and for the mixes'without retarding agent (mixes 1 to 5) they stated that: 
Qý = 4750 (C/WV)-"" kPa. 
The values of K were found to be lower than those given by Tornaghi (1972) 
which ranged from 5000 to 20000 for European Portland cements and 
bentonites. 
Portier (1984) produced a graph of the compressive strength at 28 days against 
cement/water ratio for bentonite cement grouts with two types of cement 
(types CLK and CPJ which are French specifications), with the bentonite 
content adjusted to give a constant Marsh Flow Cone viscosity (see Figure 
3.21). The compressive strength increases as the cement content increases but 
it is difficult to determine the effect of the bentonite. Presumably, the 
bentonite content is reduced as the cement content is increased in order to 
maintain a constant viscosity. 
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Portier also produced a graph showing the 28 day compressive strength 
against the weight of dry solids in the mix, for mixes containing 170 kg 
cement and 35 kg bentonite per m3 of water (i. e. water/cement ratio 5.88 and 
a bentonite content of 3.5 per cent) for types CLK and CPJ cement. The 
graph shows that approximately double the quantity of material containing CPJ 
cement was needed compared to material containing CLK cement to obtain the 
same strength. As one would expect, strength increases as the solids content 
is increased within the range shown (see Figure 3.22). 
Portier took electron microscope photographs of two grouts at 28 days age 
(see Plates 3.1 and 3.2). Both grouts contained 35 kg of bentonite type CV15 
and 200 kg of cement per m3 of water (water/cement ratio 5 and bentonite 
content 3.5 per cent). One grout contained CPJ cement and the other CLK 
cement. Plate 3.1, for the CPJ cement, shows well formed compact crystals 
exactly as one would expect for normal cement. Whereas, Plate 3.2, for the 
CLK cement shows a stringy structure with badly formed crystals and some 
apparent membranes. He explained the greater strength of the grout with the 
CLK cement by the fact that there was a more continuous structure with badly 
formed crystals when compared to that with the CPJ cement, there being an 
excess of free lime in the CPJ cement. 
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Plate 3.1: Electron microscope photograph of bentonite cement grout at 
28 days age containing CPJ cement (after Portier, 1984) 
Plate 3.2: Electron microscope photograph of bentonite cement grout at 
28 days age conatining CLK cement (after Portier, 1984) 
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3.4 SHEAR STRENGTH 
Previous work has investigated the shear strength of bentonite/cement grouts. 
Laporte Industries (undated) and Steetley Minerals (undated) have given the 
shear strengths of plastic grouts measured with a cone penetrometer (see 
Tables 3.6 and 3.7). It can be seen that the shear strength increases with an 
increase in cement content, as well as with bentonite content, and with age. 
Jefferis (1981) produced graphs of shear strength development in 
bentonite/cement slurries containing blast furnace slag as a partial replacement 
of the ordinary Portland cement after Guner (1978), (see Figure 3.23). The 
mixes contained 150 kg cement and 50 kg UK bentonite per m3 grout with 
various percentages' of the cement replaced by slag. Some mixes were 
agitated for 6 hours and others for 24 hours to simulate agitation during the 
excavation of a slurry cut off wall. He did not explain how the shear strength 
was measured but it can be seen from the graphs that the shear strength 
increases with time. The increase in shear strength is reasonably linear on the 
logarithmic scale for the grout containing no slag i. e. 100% of the cement is 
OPC. 
Work has been, carried out at Loughborough University of Technology by 
Wanda (1988), Talukder (1989), Jones (1990) and Middleton (1992). They 
all investigated grouts with relatively high bentonite contents and measured 
shear strength using a hand operated shear vane apparatus. 
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Wanda (1988) used Berkbcnt CE bentonite and Ordinary Portland Cement. 
He made 6 grout mixes with water/cement ratios from 3.0 to 11.36 and 
bentonite contents from 15 per cent to 33 per cent by weight of water. He 
measured the shear strengths of the grouts with the hand shear vane at 1,2, 
3,4,5,6,7,10,14,21,28 and 35 days age. A set of equations were 
produced using regression analysis of the results for the shear strengths at ages 
1 to 7 days based on the variables: water/cement ratio only; water/bentonite 
ratio only; water/cement and water/bentonite ratios only; and a combination 
of water/cement, water/bentonite and water/solids ratios. When he considered 
the W/C and W/B ratios together, he obtained a RI correlation of about 70 per 
cent and gave equations in kN/m2 as below. 
1 day shear strength = 14.6 + 2.37 (W/C) - 3.82 (W/B) 
7 day shear strength = 68.3 + 3.71 (W/C) - 11.80 (W/B) 
He obtained very good R2 correlations of about 99 per cent when he 
considered all three predictors but since the W/S ratio was dependant on the 
W/C and WB ratios he did not consider this further. 
He produced graphs of shear strength development with time for five of the 
mixes and also best fit logarithmic equations for these curves. 
He concluded that the water/bentonite ratio plays a very significant part in the 
early strength development of the grout, but that at about 7 days age the 
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water/cement ratio plays a more significant role. For a given 
cement/bentonite ratio, the mixes with lower water/cement and water/bentonite 
ratios have higher rates of strength gain and also higher final strength. 
Talukder (1989) also used Berkbent CE bentonite and ordinary Portland 
cement in his mixes. - He made 18 mixes with water/cement ratios from 3.5 
to 15 and bentonite centents from 20 per cent to 52 per cent by weight of 
water. He measured the shear strength of the grout mixes up to 28 days age 
and produced a number of graphs showing the shear strength development 
against time for the different mixes. He also produced curves showing the 
shear strength against water/cement ratio at different ages and compared the 
28 day shear strength with the 1 day shear strength for many of the mixes and 
obtained the following relationship. 
28 day shear strength = 12.948 + 2.9853 (1 day strength) with R2 = 0.896 
He concluded that during the first 3 days, the bentonite and cement contribute 
to the grout strength; but after about 7 days it is mainly the cement . which 
contributes to the strength. He also stated that not only grouts with low 
water/cement and high water/bentonite ratios gave higher shear strengths but 
also grouts with high water/cement and low water/bentonite ratios gave higher 
strengths. He explained this by the fact that with high bentonite contents, the 
bentonitc takes most of the water leaving little water to hydrate the cement 
particles. He also concluded that it should be possible to predict the ultimate 
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grout strength from the proportions of the grout materials and from the one 
day shear strength, as he obtained good correlation between the 28 day 
strength and the 1 day strength. 
Jones (1990) used sodium bentonite manufactured by Whitfield Ceramics 
Materials Ltd. and Ordinary Portland Cement. The bentonite was obtained 
from a different manufacturer to that used by Wanda (1988) and Talukder 
(1989). Jones made mixes with water/cement ratios from 6 to 18 and 
bentonite contents from 22 per cent to 53 per cent, and measured the shear 
strength at ages from 1 day to 89 days. He produced graphs of shear strength 
against: water/solids ratio; water/cement ratio; and cement/bentonite ratio. 
These graphs demonstrate that as the water/solids ratio and water/cement ratio 
are increased the shear strength decreases. The graph of shear strength 
against cement/bentonite ratio for a constant water/solids ratio is interesting; 
as the cement is decreased and the bentonite increased the shear strength drops 
to a minimum at around a cement/bentonite ratio of 1: 3 and then increases. 
This effect being most noticeable at the greatest age of 85 days. He also 
plotted shear strength against time for the different mixes, these curves follow 
the expected shape with a rapid increase in strength during the early stages up 
to about 20 days. However, there is a reasonably constant increase in strength 
after that time with the strength still increasing even after 85 to 100 days. 
Jones also produced graphs relating the 7 day, 28 day and 85 day shear 
strengths to the 1 day shear strengths and obtained good correlation. 
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Furthermore, he produced a prediction model in the form of graphs to enable 
the shear strength at 1,7,28 or 85 days to be predicted. However, these can 
only be used for cement/bentonite ratios of 1: 3 and 1: 4 and water/cement 
ratios between 6 and 16, it must also be remembered that these may only 
apply to the type of bentonite which he was using. 
He concluded that the water/cement ratio plays a significant role in the 
strength development of grouts and that, for a given water/cement ratio, the 
ultimate strength is related to the percentage of bentonite in the mix. For a 
given cement/bentonite ratio, there seems to be an optimum water content 
which develops the greatest grout strength. The early strength development 
is effected by the hydration of the cement in combination with the gelling of 
the bentonite. Between day 7 and day 28 the cement and bentonite are 
contributing to the strength, but after day 28 the strength gain is constant but 
low, with the bentonite contributing to the strength. Even after day 85, the 
ultimate strength was not reached suggesting that the bentonite reactions with 
the products of hydration are slow but uniform. 
Middleton (1992) also investigated the shear strength of bentonite-cement 
grouts using the hand held shear vane. He used two types of bentonite which 
were Wyoming sodium bentonite manufactured by Whitfield Ceramic 
Materials Ltd., and a Chinese bentonite for which there was no specification 
available. He measured the liquid limit of the Wyoming bentonite as 434 per 
cent, but that of the Chinese bentonite was 121 per cent, from which it can be 
130 
seen that they are quite different materials. It is not clear as to the mix 
proportions which he used and there is some confusion because of the two 
bentonites used. He plotted graphs of shear strength against time for mixes 
containing both the Chinese and Wyoming bentonites. These show that after 
the initial increase in strength, the shear strength increased more or less 
linearly up to about 110 days. The mixes containing Chinese bentonite were 
much stronger than those containing Wyoming bentonite. 
He also plotted shear strength against water/solids ratio at different ages. 
These show that, at all ages, the shear strength reduced with an increase in 
water/solids ratio. The graph of the shear strength against time for a mix 
containing Chinese bentonite and a mix containing Wyoming bentonite (with 
the water/solids ratio adjusted to allow for the different liquid limits of the 
two bentonites) shows that the mix containing Wyoming bentonite had a much 
lower shear strength than the mix containing Chinese bentonite, as the 
Wyoming bentonite mix had a much higher adjusted water/solids ratio. 
Middleton obtained relationships between the shear strengths: at 1 day and at 
8 days; at 1 day and 28 days; and at 1 day and 70 days. These all gave quite 
good straight line graphs with R2 coefficients of between 0.94 and 0.98. He 
finally produced a model for predicting the shear strength at 8 days, 28 days 
and 70 days based on the 1 day shear strength. 
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In conclusion, Middleton (1992) stated that the strength of the grout increases 
with decreasing water content and that the initial strength development is 
accelerated as the bentonite takes up water giving a reduced free-water/cement 
ratio. 
3.5 SUMMARY 
It is clear that both bentonite and cement are complex materials, furthermore, 
the reactions of both materials with water are complicated and the interaction 
between bentonite, cement and water is even more complex (see Chapter 2): 
Previous work involved the use of materials from different sources. The 
cement used has usually been of a type similar to Ordinary Portland cement, 
although: Guner (1978) investigated the partial replacement of OPC by blast 
furnace slag; and Portier (1984) used French specification cements types CPJ 
and CLK. Different types of bentonite have been used. Some researchers 
have used naturally occuring sodium bentonite, others have used the sodium 
exchanged type. The bentonite varies according to its source: European; 
American; and even Chinese bentonites have been used. Clearly, the use of 
different cements and different bentonites mixed in different ways will produce 
results which are not compatible. It is difficult to draw conclusions other than 
overall general conclusions from the previous work. 
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Previous research has investigated the viscosity of fresh bentonite/cement 
grout and the strength of set grouts. Most previous researchers have 
investigated the unconfined compressive strength of cement grouts with 
additions of bentonite. Typically, with bentonite contents of up to about 10 
per cent by weight of water at various water/cement ratios. Some work has 
also evaluated the confined compressive strength of similar grouts. 
Work at Loughborough University has involved the investigation of the shear 
strength of grouts wit`t: ages of from 1 day to 112 days; quite high bentonite 
contents in the range of 15 per cent to 53 percent by weight of water; and 
water/cement ratios from 3 to 18. *Shear strengths were measured using the 
hand held shear vane and models for predicting the shear strength at various 
ages have been suggested. 
3.5.1 Viscosity 
The viscosity of grouts is frequently measured using a rotational viscometer 
but a quick indirect measurement of viscosity is usually made with the Marsh 
Flow Cone. 
During mixing, the mix becomes very stiff as the cement is added, to the 
bentonite/water mixture because of the mutual flocculation of the bentonite 
and cement particles. As mixing is continued, the viscosity decreases to a 
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more workable value but increases again as the cement starts to set (see 2.8, 
Chapter 2). 
The viscosity of cement based grouts has been expressed approximately in the 
form of the Arrenhius equation (see Section 3.2). The viscosity of a fresh 
mix increases with an increase in solids content, i. e. the grout density. For 
a given density, viscosity increases with an increase in bentonite' content 
(Burgin, 1979). 
3.5.2 Compressive strength 
The compressive strength of bentonite/cement grouts has been expressed by 
the equation: 
Qa =K (C/W)n 
where: Q. is the compressive strength; 
K is a constant which depends on the type of cement and 
bentonite; 
C/W is the cement/water ratio; and 
n is an exponent which varies from about 1.4 to 2.9 for the 28 
day strength. 
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At an early stage, hydration of the cement is probably restricted by the 
presence of the bentonite, but the gelling of the bentonite may contribute to 
the early age strength. As the age increases, it is probable that the cement is 
able to slowly hydrate and the grout continues to gain strength. 
3.5.3 Shear strength 
Shear strength can be measured using a hand held shear vane and reasonable 
results have been obtained. Shear strength increases more or less linearly 
with time from about 20 days up to 112 days at which age testing was stopped 
(Middleton, 1992). 
There is some correlation between the shear strength and solids content in the 
form of equations of the type: 
Shear strength =A+ [B x (W/C)] + [C x (W/B)] 
where: A, B and C depend on the age of the grout; 
W/C is the water/cement ratio; and 
W/B is the water/bentonite ratio (Wanda, 1988). 
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There appears to be very good correlation between the 1 day shear strength 
and the later age shear strength which could be useful for predicting the shear 
strength of the grout based on an early shear strength test, 
S7 approx. = 4.5 +[2 x Si] (Jones, 1990) 
S8 approx. = 7.5 +[3 x S1] (Talkuder, 1989) 
S28 approx. = 13 +'[3 x S, ] (Talkuder, 1989) 
S28 approx. = 13.5 + [2 x S1] (Jones, 1990) 
S28 approx. = 24 + [4 x S, ] (Middleton, 1992) 
S70 approx. = 35 + [7 x S, ] (Middleton, 1992) 
S85 approx. = 25 +[3 x S1] (Jones, 1990) 
Where: S is the shear strength at the age shown by the 
subscript in days. 
For each equation there was a good correlation with R2 usually in excess of 
0.9, the differences in the equations must be due to several variables which 
would include the different types of bentonite used. 
3.5.4 Strength testing 
The strength testing of grout has generally been carried out using unconfined 
compressive tests although some work has been done using the hand held 
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shear vane which is a quick simple test that can be performed outside of a 
testing laboratory and gives a direct reading of shear strength. Methods of 
testing grouts are presented in Chapter 4 following. 
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CHAPTER 4 
STRENGTH TESTING OF GROUTS 
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4.1 INTRODUCTION 
There is no British Standard covering the testing of grouts; although there are 
standards covering cement (BS 12,1991), the testing of cement (BS 4550, 
1978), mortars (BS 4551,1980), concrete (BS 1881,1983) and soils (BS 
1377,1990). There is a proposed European Standard for cement (ENV 197) 
and, in anticipation of this, BS 12 was revised in 1991 with cement 
classification based on the compressive strength of a standard mortar made 
with the cement. The nearest equivalent to Ordinary Portland Cement being 
class 42.5 corresponding to the 28 day strength in N/mm2. 
Cement grouts have been used for the grouting of prestressing ducts in 
prestressed, concrete. Draft European standards cover the specification of 
grout (prEN 447,1992b) and the testing of grout (prEN 445,1992a). 
Bentonite/cement grouts with high cement contents could be considered as 
cement grouts with bentonite as an additive, in which case the testing methods 
applicable to cement grouts would seem to be the most appropriate. Grouts 
with high bentonite contents could be considered as reconstituted clays with 
cement as an additive and test methods applicable to clay soils would then 
seem to be the most appropriate. 
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4.2 COMPRESSIVE STRENGTH 
4.2.1 Cement grouts 
The draft European Standard prEN 445 (CEN, 1992a) gives two tests for 
measuring the compressive strength of set cement grouts: 
* compressive tests can be carried out on the two portions of the broken 
prism arising from the flexural strength test of EN 196-1; and 
* compressive tests can be carried out on 100mm diameter by 80mm 
high cylinders, these cylinders may be from the can test for volume 
change given in prEN 445 (CEN, 1992a) with both ends of the 
cylinder ground flat. 
It has been common practice, in the UK, to measure the compressive strength 
of structural grouts using 100mm cubes and this practice is accepted in prEN 
447 (CEN, 1992b). 
Domone (1994) stated that the compressive strength of hardened Portland 
cement grouts is usually measured using either cubes or cylinders. In the UK, 
it is normal practice to use cubes of 50mm, 75mm or 100mm size, although 
cubes as small as 10mm have been used for neat cement grouts. Experience 
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from the testing of concrete has shown that larger specimens can be expected 
to give lower average strengths with smaller coefficients of variation. 
Harwood and Tebbett (1981) performed compressive tests on grouts and found 
that for neat 'cement grouts there were generally insignificant differences 
between the results from cube sizes varying from 50 to 100mm. 
Outside of the UK and particularly in North America, it is common to 
measure the compressive strength using cylinders with a height to diameter 
ratio of two. However, this is inconvenient as the end surfaces of the cylinder 
have to be prepared by grinding or capping in order to give flat parallel 
surfaces. This preparation is not necessary with cubes as they are tested on 
their side so that the top and bottom surfaces have been cast against the steel 
mould. 
The compressive strength obtained by testing cylinders of height to diameter 
ratio of two is closer to the true compressive strength than that obtained by 
testing cubes where the height to width ratio is 1, as the restraining effects of 
end friction with the test machine platens are reduced towards the centre of 
the cylindrical specimens compared to the cube specimens. Harwood and 
Tebbett (1981) showed that, for neat cement grouts, the cylinder strength can 
vary between 80 and 90 per cent of the cube strength. 
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Jefferis (1994) explained that- the preparation of grout specimens for 
compression testing is somewhat different from that of concrete. The moulds 
should not be vibrated as this' may cause segregation or enhanced bleeding. 
He recommended that it is useful to vibrate the grout in a jug and then lightly 
stir the grout to homogenise it before pouring into the test mould. 
BS 4550 (1978) provides specifications for the strength test methods of testing 
cement. The cement is used to make a standard concrete mix or a standard 
mortar mix for compression testing. The method for measuring the 
compressive strength of mortar cubes would seem to be more applicable for 
the testing of grouts. The compression tests should be on 70.7 mm mortar 
cubes made with a specified sand, mixed by hand and compacted by means 
of a standard vibration machine and cured in a water tank. The cubes are 
tested in a compression machine with load applied at a rate of 0.6 N/mm2/s. 
A set of three specimens is tested at the same age and the average of the 
individual results is given as the compressive stress expressed to the nearest 
0.5 N/mm2. 
4.2.2 Clay soils 
A method for determining the unconfined compression strength of soils is 
given in BS 1377: Part 7 (1990). A cylindrical specimen of soil of 38mm 
diameter and normally 76mm long is subjected to a steadily increasing axial 
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compression force until failure occurs. The axial force is the only force 
applied to the specimen. The maximum value of compressive force per unit 
area that the specimen can sustain is referred to as the unconfined compressive 
strength of the soil. In very plastic soils where the axial load does not reach 
a maximum value, an axial strain of 20 per cent is used as the criterion of 
failure. 
The test can be performed in a suitable load frame, details of which are given 
in the Standard. The load should be applied such that the rate of axial strain 
does not exceed two per cent per minute. Stiff soils that fail at small 
deformations should be tested at a lower rate of strain. A suitable rate of 
strain usually lies between 0.5 per cent and 2 per cent per minute. Readings 
of the force and axial deformation should be taken at regular intervals in order 
to obtain a stress strain curve. The compressive stress at failure is calculated 
making an allowance for the change in cross sectional area as the specimen 
deforms as a right cylinder. 
4.3 SHEAR STRENGTH OF CLAY SOILS 
Part 7 of BS 1377 (1990) describes several tests for determining the shear 
strength parameters of soils in terms of total stresses and thus do not require 
measurements of pore water pressure. The shear strength can be determined 
either by measuring the shearing force causing failure (direct shear tests) or 
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by derivation from the measured compressive strength (unconfined or triaxial 
compression tests). 
4.3.1 Direct shear tests 
The British Standard describes four methods of measuring the shear strength 
directly, these being: the laboratory vane test for soft to firm cohesive soils; 
the small shearbox test; the large shearbox test; and the small ring shear test. 
The vane test is discussed later in Section 4.5. The small shearbox is used for 
determining the angle of shear resistance of cohesionless soils, and the drained 
peak and residual shear strength parameters of cohesive soils. The large shear 
box is used for determining similar properties of gravelly soils or large block 
samples. 
In the shearbox tests, a square prism of soil is laterally restrained and sheared 
along a mechanically induced horizontal plane whilst being subjected to a 
pressure applied normal to that plane. The shearing resistance offered by the 
soil, as one portion ;s made to slide on the other, is measured at regular 
intervals of displacement. Failure occurs when the shearing resistance reaches 
the maximum value which the soil can sustain. By performing the tests on a 
set of three similar specimens of the same soil under different normal 
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pressures, the relationship between measured shear stress at failure and normal 
applied stress can be obtained. 
In the small ring test, an annular specimen of remoulded cohesive soil 5mm 
thick with internal and external diameters of 70mm and 100mm is subjected 
to rotational shear while subject to a vertical stress. 
4.3.2 Compression tests 
The British Standard describes three tests for determining the shear strength 
indirectly from compression tests. These tests are the unconfined compression 
test, the triaxial compression test and the triaxial compression test in stages. 
The unconfined test has been briefly discussed in Section 4.2. The triaxial 
test is a type of confined compression test which involves the soil specimen 
being placed inside a cell which can be filled with water and pressurised so 
that the specimen is subjected to an all round compressive stress. A vertical 
axial compressive force is then applied to the specimen until failure is 
reached. The test is repeated on three specimens of the same soil and by 
plotting Mohr's stress circles based on the principal stresses, it is possible to 
obtain the values of cohesion and angle of internal friction of the soil. 
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4.4 RELATIONSHIP BETWEEN COMPRESSIVE STRENGTH 
AND SHEAR STRENGTH 
When cement grouts or clays are subjected to failure in compression, it is 
normal to observe that the specimen has failed in shear at about 45 degrees 
from the direction of applied force. It is usual to express the compressive 
strength as equal to the maximum axial compressive load divided by the cross 
sectional area of the specimen. 
At failure the maximum shear stress on the 45 degree plane is equal to 0.5 x 
P/A, i. e. the shear strength is equal to half of the compressive strength. 
In clause 2.1 of BS 1377: Part 7 (1990), the compressive strength of a 
saturated clay at failure in the unconfined compression test is given as: 
90 = 2cß 
where c, is the undrained shear strength. 
This can be re-arranged to give: 
c, = 0.5 x q1 
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The undrained shear strength (sn) for soils is normally given by the formula: 
s. = cr + a. tanc, 
where: c. is the undrained cohesion; 
a is the normal stress; and 
0, is the undrained angle of internal friction. 
For saturated clay, 0. is taken as zero. Thus the undrained shear strength (sn) 
can be taken as equal to the undrained cohesion (c, ). 
4.5 THE SHEAR VANE TEST 
4.5.1 Introduction 
The laboratory shear vane is described in BS 1377: Part 7 (1990) as a direct 
shear test for soft to firm cohesive soil without having to remove it from its 
container or sampling tube. The sample is therefore undisturbed. This 
method may be used for soils that are too soft or too sensitive to enable a 
satisfactory compression test specimen to be prepared. 
The apparatus comprises a four bladed cruciform vane mounted on a rod (see 
Figure 4.2). Typical blade dimensions are 12.7mm wide and 12.7mm long, 
147 
but larger vanes may be used for measuring very low shear strengths. The 
blades should be as thin as possible and consistent with strength requirements 
so that they can be inserted into the soil with as little disturbance as possible. 
The Standard states that the area ratio of the vane as expressed below shall be 
as low as possible and shall not exceed 15 per cent, see below: 
Area ratio = 8T(D-d) + : rd' x 100 
7rD2 
where: 
D is the overall blade width in mm measured to 0.1mm; 
T is the thickness of the blades in mm measured to 0.01mm; and 
d is the diameter of the vane rod in mm measured to 0.1mm. 
The vane is attached to a vertical rod with a torque measuring device fixed to 
the top. 
The procedure for measuring the shear strength of the clay is to push the vane 
assembly steadily into the sample to the required depth. The top of the vane 
should be at a distance not less than four times the blade width below the 
surface. A torque is applied to the vane by rotating the torsion head at a rate 
of 6 to 12 degrees per minute until a cylinder of soil held between the vanes 
has sheared from the main bulk of the soil. The maximum angular deflection 
of the torsion spring is recorded. It is possible to calculate the vane shear 
strength of the soil t, in kPa from the equation: 
148 
zý=Mx1000 
K 
where: K is a constant which depends on the dimensions of the vane 
as follows. 
K= 7rDl (H/2 + D/6) 
where: D is thz overall width of the vane; and 
H is the length of the vane. 
The test should be repeated in at least three locations at the same level in the 
sample. The centre to centre distance between locations should be not less 
than 2.3 times the blade width. 
4.5.2 Stress Distribution and Progressive Failure 
A considerable amount of research into the shear vane test in soil mechanics 
has been performed (Skempton, 1948; Cadling and Odenstad, 1950; Flaate, 
1966; Wiesel, 1973 and Merrifield, 1980). When the vane is rotated in a 
shear softening material two forms of progressive failure may arise, namely: 
progressive failure due to the strain at the horizontal edge of the vane 
differing from that at the vertical edge; and progressive failure due to the 
breakdown of the material in front of the blades of the vane. Cadling and 
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Figure 4.2: Laboratory vane apparatus (BS 1377: Part 7,1990) 
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Odenstad (1950) demonstrated that, up to failure, a uniform distribution of 
strain is present around the vane and the surface of rupture is cylindrical. 
Haimoni (1987) stated that the classical shape of the stress distribution around 
the vane is the rectangular stress distribution as shown in Figure 4.3a, which 
describes the behaviour of an ideal plastic material. This ideal behaviour 
seldom exists in practice, although it may be asumed that some materials 
approximately behave in this manner. Other types of stress distribution have 
been used, such as triangular (see Figure 4.3b), parabolic or exponential. The 
most appropriate distribution to use in each case will depend on the individual 
material characteristics. Merrifield (1980) used a specially designed vane to 
measure the shear stress at different points around the vane as a function of 
time as the vane was rotated at constant speed. He found that there was a 
near uniform stress distribution along the vertical edges of the vane, with 
stress concentrations in the vicinity of the blade corners. On the horizontal 
ends of the vane, the stress distribution was found to: be dependent on the 
type of material used; and vary from a maximum value to zero along the 
edge. 
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(a) Rectangular stress (b) Triangular stress 
distribution distribution - 
Figure 4.3: Stress distribution assumed to mobilise around the vane (after 
Haimoni, 1987) 
152 
4.5.3 Effects of vane rotation speed 
It is well established that the rotational speed affects the measured shear 
strength of the soil. Cadling and Odenstad (1950) showed that an increase in 
rotation speed from 0.1 degrees/s to 1 degree/s gave approximately a 20 per 
cent increase in shear strength. Skempton (1948) also found an increase in 
shear strength with an increase in rotation speed. Weisel (1973) established 
that the shear strength varied with rotation speed according to a power law 
function. In order to obtain comparative results, a standard speed of 0.1 
degrees/s (6 degrees/min) has been suggested. However, in BS 1377: Part 7 
(1990) it is stated that the torsion head should be rotated at a rate of 6 to 12 
degrees/min. 
It should be noted that the British Standard refers to the rate of rotation of the 
torsion head which is not the rate at which the vane is rotated in the soil, 
since rotation of the head is simply tightening the torsion spring, thereby 
increasing the torque on the vane. 
4.5.4 The Pilcon Hand Vane Tester 
The Pilcon hand vane tester is an accurate, portable instrument for measuring 
the shear strength of cohesive soils either on site or on undisturbed samples 
in the laboratory. The instrument comprises a torque head with a direct 
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reading scale which is turned by hand with a non return pointer indicating the 
reading (see Plate 4.1 and Figure 4.4). Two vanes are supplied with the 
instrument, these being 19 mm and 33 mm diameters. 
Each instrument is provided with a dial giving readings directly in kN/m2 with 
each dial being individually calibrated to match the individual torsion spring 
in the instrument. 
Serota and Jangle (1972) developed the instrument and found that it gave more 
consistent results than the laboratory triaxial test. They considered the torque- 
deflection characteristics, the effect of rate of rotation to torque, the 
reproducibility of results, the optimum number and sizes of vanes to give the 
most useful working range for a single torsion head, calibrating each vane 
against remoulded clays of accurately known strength, testing performance in 
undisturbed samples and eliminating the need for a calibration chart. 
They established that the best rate of application of the torque was one 
revolution per minute, which was not critical and could easily be paced by the 
second hand of a watch (see Figure 4.5). They found that the reproducibility 
of the tests gave a deviation from average of less than one per cent in two 
readings out of three. They investigated four different vane diameters and 
calibrated the vanes against results obtained from the triaxial test for 
remoulded clay and found that: the vane instrument gave much more 
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consistent results than the triaxial test; and comparison of vane factors 
confirmed the validity of the vane calibrations (see Figure 4.6). 
A large number of vane tests were performed on undisturbed samples and 
compared with the results of quick undrained triaxial tests on the same soils 
(see Figure 4.7). The results were consistent with normal variations in 
samples and discrepancies from the straight line being attributed to the fissures 
present in London clay. 
4.6 SUMMARY 
The strength of bentonite cement grouts can be determined using a number of 
tests which include the: unconfined compression test; triaxial test; laboratory 
vane test; small shearbox test; large shearbox test and the small ring shear 
test. Of these, the shear vane test is relatively straight forward to perform, 
does not require a testing laboratory and can give readings of shear strength 
directly from a scale on the torsion head. 
Therefore, for this research, it is proposed to use a hand held shear vane 
tester to determine the shear strengths of various grout mixes at ages up to 
one year. 
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Plate 4.1: The Pilcon Hand Vane Tester 
156 
006 plate 
Figure 4.4: The Pilcon Hand Vane Tester, Principal components 
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CHAPTER 5 
EXPERIMENTAL WORK 
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5.1 INTRODUCTION 
A programme of experimental work was performed in the materials and 
concrete laboratory at Nescot to determine the development of shear strength 
of various bentonite/cement grouts at different ages up to 48 weeks. 
All of the grouts produced were numbered using the water/cement ratio and 
Mwe percentage of bentonite by weight of water separated by a slash. As an 
example, mix number 6/15 refers to a grout mix with a water/cement ratio of 
6 and a bentonite content of 15 per cent. - 
The grouts were mixed using small paddle mixers and were placed in steel 
concrete cube moulds, sealed with cling film and rubber mats, and tested 
using a Pilcon hand held shear vane to determine the vane shear strengths of 
the grouts. 
Some of the stronger grouts were cast into 38mm internal diameter tube 
moulds and tested in unconfined compression. Unfortunately, this was found 
to be not practical for the weaker grouts which slumped after being extruded 
from the moulds. 
Two mixes were placed in three metre long vertical plastic pipes and tested 
at various depths to determine whether the development of shear strength is 
affected by the depth of the sample within the grout mass. 
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5.2 METHODOLOGY 
A few trial grout mixes were made before the main programme of 
experimental work was started in order to: determine a suitable method of 
mixing; and obtain grouts with a range of `shear strengths which could be 
readily measured using a Pilcon hand held shear vane. 
Twenty grout mixes were prepared with differing water/cement ratios ranging 
from 4 to 12 and differing bentonite contents ranging from 5 per cent to 20 
per cent by weight of water. The mixes were tested for shear strength using 
a hand held shear vane at various ages from 1 day to 336 days. 
Previous researchers have used grout mixes with relatively low bentonite 
contents of around 5 per cent by weight of water although some work has 
been done with mixes containing bcntonite in excess of 50 per cent by weight 
of water. The mixes used in this research were designed to give shear 
strengths that could be measured using a hand held shear vane tester and also 
to cover some mixes which had not been investigated previously (see Figure 
3.1, Section 3.1). 
The results obtained from this work were used to derive a relationship 
between shear strength and age for each of the grout mixes and to construct 
a mathematical model relating the shear strength of the grout to the mix 
proportions and age. 
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Four further grout mixes were made and tested at ages up to 224 days. The 
results obtained were used to test the validity of the mathematical model. 
In addition, two grout mixes were made with the same proportions as two of 
the mixes in the original twenty mixes. These two mixes were placed in 
vertical plastic pipes to simulate grout being placed into a vertical borehole in 
the ground. The grouts in these pipes were tested for shear strength at various 
depths in order to determine whether the shear strength varies with depth and 
hence vertical stress. 
A number of photographs of the grout particles were obtained using a 
Scanning Electron Mcroscope. Photographs were obtained for the cement 
particles, bentonite particles and grout at about 1 week and 3 months ages. 
The pupose of this photography was to look at: the particle association in the 
grout mix; and the crystal growth of the cement particles. 
5.3 MATERIALS USED 
5.3.1 Mix design 
As a result of the tests on the preliminary trial mixes, twenty mixes were 
designed to give a range of shear strengths which could be measured using the 
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Pilcon Hand Vane Tester, i. e. up to 130 kN/m2. The constituents comprising 
these twenty mixes are given in Table 5.1. 
Four further grout mixes were chosen to have cement and bentonite contents 
different to those of the standard mixes. The results were used to test the 
mathematical model developed. The constituents of these four mixes are 
given in Table 5.2. The two mixes used in the vertical pipes to determine 
how the shear strength varied with depth are as for mix nos. 4/10 and 8/15 
as given in Table 5.1. 
., 
164 
. 
Table 5.1: Constituents of grout mixes 
Mix No. Mass of 
water (kg) 
Mass of 
cement (kg) 
Mass of 
bentonite (kg) 
4/05 16.00 4.00 0.80 
4/10 16.00 4.00 1.60 
4/15 16.00 4.00 2.40 
4/20 16.00 4.00 3.20 
6/05 16.00 2.67 0.80 
6/10 16.00 2.67 1.60 
6/15 16.00 2.67 2.40 
6/20 16.00 2.67 3.20 
8/05 16.00 2.00 0.80 
8/10 16.00 2.00 1.60 
8/15 16.00 2.00 2.40 
8/20 16.00 2.00 3.20 
10/05 16.00 1.60 0.80 
10/10 16.00 1.60 1.60 
10/15 16.00 1.60 2.40 
10/20 16.00 1.60 3.20 
12/05 16.00 1.33 0.80 
12/10 16.00 1.33 1.60 
12/15 16.00 1.33 2.40 
12/20 16.00 1.33 3.20 
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Table 5.2: Constituents of grout mixes used to test the mathematical 
model. 
Mix no. Mass of 
water 
(kg) 
Mass of 
cement 
(kg) 
Mass of 
bentonite 
(kg) 
7/7.5 16.00 2.286 1.20 
7/12.5 16.00 2.286 2.00 
9/7.5 16.00 1.780 1.20 
9/12.5 16.00 1.780 2.00 
5.3.2 Cement 
The cement used throughout the work was Ordinary Portland Cement supplied 
in 50 kg bags by Rugby Cement manufactured at the Rochester works. A 
specification for the cement is given in Appendix II. 
5.3.3 Bentonite 
The bentonite used throughout the work was Brebent (Civil Engineering 
Bentonite) supplied in 10 kg bags by Laporte Industries. This bentonite is an 
ion exchanged sodium montmorillonite and its typical characteristics are given 
in Appendix III. 
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5.3.4 Water 
Ordinary drinking water as obtained from the tap was used throughout the 
work. The mains water was supplied by Sutton District Water Plc. and an 
analysis of the water is given in Appendix IV. 
5.4 EQUIPMENT USED 
5.4.1 Mixers 
All of the grouts were mixed in CreteAngle type SE/RS multiflow paddle 
mixers with drum dimensions of 400 mm diameter and 200 mm depth. The 
drums of these mixers rotate at around 75 revolutions per minute whilst the 
blades and paddles are fixed in position. One of the paddles is free to turn in 
its fixed position as the contents of the drum are rotated. Photographs of one 
of the mixers used are shown in Plates 5.1 and 5.2. 
5.4.2 Moulds 
Standard steel concrete cube moulds of two sizes: 100mm and 150mm were 
used to contain the grouts whilst they were curing. A photograph of the 
moulds containing one: of the grout mixes is shown in Plate 5.3. 
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5.4.3- Shear Vane 
A new Pilcon Hand Vane Tester (part no. 19-01-00) was purchased 
specifically for this work. Vanes of either 19mm diameter or 33mm diameter 
were used depending on the strength of the grout. The torque head of the 
tester was calibrated by the manufacturer so that the shear strength of the 
grout could be read directly from the scales in kN/mO. Photographs of the 
tester are shown in Plates 5.4 and 5.5. 
5.4.4 Universal Testing Machine 
The unconfined compression testing was performed using a Hounsfield 
H50KM Universal Testing machine fitted with: 50mm diameter compression, 
anvils, one of which was self aligning; and a HL500 Load Cell 500 Newton. 
The testing machine was linked to an Amstrad computer loaded with 
Hounsfield Test Equipment software to produce load/displacement plots and 
reports on compression peak and deflection together with mean and standard 
deviation values. Photographs of the testing machine are shown on Plates 5.6 
and 5.7. 
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5.4.5 Scanning Electron Microscope 
The electron microscopy was performed using a Jeol 1200 scanning electron 
microscope with the acceleration voltage set to either 10 kV or 15kV in order 
to achieve the best images. 
5.5 MIXING AND CURING 
5.5.1 Storage of materials 
The cement and bentonite were stored in the bags in which they were supplied 
and kept on wooden pallets off the floor in the dry heated environment of the 
materials and concrete laboratory. The bentonite powder was periodically 
monitored for moisture content which was found to be reasonably stable at 
around 7 per cent. 
5.5.2 Method of mixing 
The quantities of water, cement and bentonite required for each mix were 
weighed out in clean dry plastic buckets using an electronic weighing machine 
capable of weighing to an accuracy of 1g. 
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"`ý Approximately half the quantity of water was poured into the mixer drum. 
The bentonite powder was slowly spinkled into the water whilst continuously 
agitating the mixture using a 50 mm diameter steel bladed propeller welded 
to the end of a rod that was spun using a variable speed electric drill. The 
spinning propeller was used to disperse the bentonite into the water and to 
prevent lumps from forming. As the mixture thickened, the remaining water 
was slowly added whilst using the spinning propeller to ensure a uniform, 
consistent suspension. 
After all of the bentonite had been added, the lid of the mixer was brought 
down and the mixer switched on for 30 minutes to ensure that the suspension 
was well mixed. During this time, the bentonite particles started hydrating so 
that at the end of the 30 minute period a suspension with a smooth creamy 
consistency had been formed. 
At the end of the 30 minute period, the cement was added by slowly 
sprinkling the cement through the grill in the mixer lid into the revolving 
mixture inside the drum as shown in Plate 5.8. After all of the cement was 
added, the mixer was left running for a further 15 minutes to ensure that all 
of the particles were well dispersed. 
Generally, the materials mixed very well using this method to produce grouts 
of a smooth creamy consistency. However, it was found that the grouts with 
the higher bentonite contents of 15 per cent and 20 per cent generally became 
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quite stiff as the cement was added. As further cement was added and mixing 
continued, the grouts thinned to a more creamy consistency as can be seen in 
Plates 5.9 and 5.1 0: 
5.5.3 Placing of the grout 
After the grout was mixed for the, standard time, the mixer was switched off 
and the mixer opened to allow the drum with its contents to be lifted off and 
moved to the bench alongside the cube moulds. The grout was then stirred 
for a few seconds by hand using a small trowel to ensure that the grout was 
well mixed and of uniform consistency without lumps. 
A plastic jug was used to scoop up the grout from the drum and to pour the 
grout into the pre-oiled moulds as shown in Plate 5.11. The moulds were 
filled to the top and then lightly stirred with a spoon to allow any trapped air 
bubbles to come to the surface. 
Once the moulds were full, they were trowelled off flush with the top edge of 
the moulds which were then wiped clean with paper towelling. 
With some of the early mixes, for which it was intended to carry out 
unconfined compression tests, greased 38 mm internal diameter steel tubes 
were lowered into the fresh grout, as shown in Plates 5.12 and 5.13. 
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5.5.4 Curing of the grout 
Immediately after the grout had been placed and the top edges of the moulds 
wiped clean, a layer of cling film was placed over the tops of the moulds and 
squeezed in around the sides of the moulds to give a reasonably air tight seal. 
Square rubber mats with the mix number chalked on them were then placed 
on top of the cling film. This provided a little weight to the seal between the 
cling film and the top of the moulds and provided a method of identification 
of the grouts as shown in Plate 5.14. 
The moulds containing the grout were then allowed to stand on the bench for 
about 48 hours, after which time they were moved and stored on shelving in 
the concrete laboratozy until needed for testing. The laboratory temperature 
was continuosly maintained at . around 
20 °C during the period of the 
experimental work. 
It was noticed' that for some of the grouts with low solid contents, a small 
amount of clear water often leaked out through the joints in the moulds during 
the first 24 hours with a corresponding drop in the level of the surface of the 
grout. This was caused by initial bleeding of the grout with water leakage 
from the moulds. 
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5.6 TESTING 
5.6.1 Introduction 
The grouts were tested at 1,7,14,28,56,84,168,252 and 336 days, 
although some of the stronger grouts were not tested at the greater ages 
because the vane shear strength reading was off of the top end of the scale of 
the Pilcon Hand Vane Tester which had a maximum reading of 130 kN/m2. 
The testing at 1 day age was performed as close to 24 hours age as possible 
and within plus or minus 30 minutes of that age. 
A few of the stronger grouts were tested in unconfined compression. This 
was found to be not practical for the weaker grouts as the samples slumped 
and were too weak to be tested. Also, for the strongest grouts, extruding the 
samples from the tubes caused damage' to the samples which rendered them 
useless for testing. After doing a limited amount of unconfined compression 
testing, it was decided to abandon this method of testing and proceed only 
with the determination of shear strength using the Pilcon Hand Vane Tester. 
The `moulds containing the samples for testing at any particular age were 
transferred from the storage shelves to the test bench where the rubber mat 
and cling film were removed and a visual inspection of the sample was made. 
In many cases where the grouts had a low solid content, it was noted that 
some shrinkage of the sample had occured with the grout surface being below 
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the top edge of the mould and a slight gap between the grout and the mould 
side as can be seen in Plate 5.15. In no cases were there any shrinkage cracks 
within the mass of the grout. An attempt was made to take an approximate 
measurement of the vertical shrinkage using a steel ruler and a straight edge 
as can be seen in Plate 5.16. 
5.6.2 Vane Shear Strength 
The hand held vane tester was fitted with the appropriate sized vane. The 
33mm diameter vane for the weaker grouts; and the 19 mm vane for the 
stronger grouts. Four tests were performed on the grout in each mould and 
so the vane was positioned within an area of one quarter of the surface of the 
sample. The vane was then pushed vertically downwards into the grout until 
the centre of the vane was at the mid height of the sample depth. 
The torsion head was smoothly and gradually turned (see Plate 5.18) at a rate 
of about 360 degrees per minute by following the second hand of a clock until 
the vane sheared off a cylinder within the sample and the torsion head pointer 
sprang back to zero leaving a carrier pointer to indicate the maximum shear 
strength. The maximum reading was noted and the shear vane carefully 
withdrawn from the sample to prevent any overbreak as the vane was 
withdrawn. It was normal to withdraw the vane together with a cylinder of 
grout held by the blades (see Plates 5.19 and 5.20). ' 
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The material on the vane was scraped off using a pallette knife and the vane 
was cleaned and washed in a bucket of water using a small brush. The vane 
was then dried using paper towelling and the test repeated in another quarter 
of the sample. The test was repeated so that four readings were obtained for 
each'sample and the mean of these four readings was taken to be the shear 
strength of the grout at the time of the test (see Plate 5.21). 
5.6.3 Moisture content determination 
A small sample of the grout, held on the vane after each test, was removed 
and placed in a small dry pre-weighed dish. The dish containing the grout 
was weighed and placed in a drying oven at around 40°C for 24 hours after 
which time it was removed and weighed again. A sample was taken for every 
test and the moisture content of the grout at the time of the test was 
calculated. 
5.6.4 Electron Microscope 
Small samples of bentonite powder, cement powder and oven dried grout mix 
No. 6/10 at 7 days age and 84 days age, along with undried grout mix No. 
6/10 at 7 days were photographed using the scanning electron microscope. 
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The samples were sputter-coated with 10nm of gold coating before placing in 
the microscope. 
The photographs of the particles were taken at different magnifications and 
different acceleration voltages in an attempt to obtain the clearest photographs 
possible. 
176 
177 
Plate 5.1: Mixer, lid in closed position 
Plate 5.2: Mixer, lid in open position 
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Plate 5.3: Moulds containing fresh grout mix 
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Plate 5.4: Pilcon Hand Vane Tester showing the vanes 
Plate 5.5: Pilcon Hand Vane Tester showing the torsion head 
181 
182 
Plate 5.6: Hounsfield H50KM Universal Testing 
Machine 
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Plate 5.7: Compression anvils of Universal Testing Machine 
Plate 5.8: Cement being added to the mix 
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Plate 5.9: Stiffened grout mix 
Plate 5.10: Creamy grout mix 
3 
Plate 5.11: Grout being poured into moulds 
186 
Plate 5.12: Steel tube being lowered into grout 
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Plate 5.13: A set of nine steel tubes in the grout 
Plate 5.14: Moulds scaled with cling fihn 
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Plate 5.15: Shrinkage of grout samples 
Plate 5.16: Measuring vertical shrinkage 
189 
Plate 5.17: Shear vane being inserted into grout sample 
Plate 5.18: Torque head of shear vane being turned 
Plate 5.19: Shear vane being removed from grout sample 
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Plate 5.20: Cylinder of grout held by the shear vane 
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Plate 5.21: Grout samples after 4 shear vane readings 
CHAPTER 6 
RESULTS OF EXPERIMENTAL WORK 
192 
1 6.1 INTRODUCTION 
In all, 26 mixes were made (not counting the preliminary trial mixes). Each mix was 
tested for shear strength at different ages using the Pilcon Hand Vane Tester as 
described in Section 5.6.2. At each age, the moisture content was determined as 
,,..; 
described in Section 5.6.3. The shear vane test was performed four times in each 
sample and the mean of the four readings was taken as the shear strength of the 
grout. 
Samples from a few of the stronger mixes were tested in unconfined compression. 
However, this work was abandoned because of the difficulty of testing the weaker 
specimens and so the test results are not reported here. 
6.2 SUMMARY OF RESULTS 
6.2.1 Shear strengths and moisture contents 
The mean values of the vane shear strength readings obtained at various ages for the 
first 20 grout mixes are given in Table 6.1. The standard deviations and coefficients 
of variation for each set of four readings are given in Tables 6.2 and 6.3 respectively. 
The moisture contents of the samples at the time of testing are given in Table 6.4. 
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47 The mean values of the vane shear strengths of the four grout mixes used to test the 
mathematical model are given in Table 6.5, and those for the grouts used in the 
vertical pipes together with the moisture contents are given in Table 6.6. 
It should be noted that, at greater ages for some of the stronger grouts, the shear 
strength reading was off of the top of the scale on the shear vane tester and so no 
reading is given in the relevant table. 
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Table 6.1: Vane shear strengths at different ages 
VANE SHEAR STRENGTH (kN/m2) 
Age (days) 
Mixes W/C Bent. 1 7 14 28 56 84 168 252 336 
ratio % 
4/05 4 5 4.1 20.2 22.7 28.5 36.0 38.8 47.8 52.5 47.0 
4/10 4 10 8.9 29.0 35.0 49.8 67.3 76.5 88.5 83.8 113.3 
4/15 4 15 15.1 53.7 69.5 82.3 111.5 127.5 
4/20 4 20 14.7 57.8 77.0 89.8 125.0 
6/05 6 5 2.5 9.3 7.3 14.7 16.1 18.1 24.3 21.5 19.8 
6/10 6 10 6.3 17.1 22.5 24.5 40.3 46.4 55.5 65.8 61.3 
6/15 6 15 9.0 23.7 33.3 33.5 59.8 74.0 497.5 118.3 99.5 
6/20 6 20 7.1 23.2 36.3 45.0 74.3 96.0 
8/05 8 5 0.5 2.7 3.1 4.3 9.8 7.2 10.6 17.8 12.1 
8/10 8 10 3.1 8.3 11.0 14.8 26.9 30.0 42.5 46.0 44.0 
8/15 8 15 5.9 11.3 14.5 20.8 38.4 45.8 69.3 82.5 68.3 
8/20 8 20 7.0 16.4 26.7 31.3 67.3 75.3 111.8 
10/05 10 5 1.5 2.5 3.3 3.5 7.2 9.3 8.9 9.7 10.9 
10/10 10 10 2.8 5.3 7.1 10.2 18.0 23.1 31.5 34.5 35.3 
10/15 10 15 4.8 9.2 10.9 18.1 25.3 32.9 43.0 49.0 54.0 
10/20 10 20 4.1 9.4 14.0 22.3 49.3 70.1 84.8 96.8 99.8 
12/05 12 5 1.0 1.6 2.6 2.7 5.7 6.0 7.3 7.9 8.7 
12/10 12 10 2.1 4.5 6.1 9.5 15.8 20.2 22.9 24.9 27.5 
12/15 12 15 3.0 5.9 7.2 15.1 26.8 33.0 40.3 45.1 51.3 
12/20 12 20 3.2 10.1 15.8 21.3 46.8 63.3 79.0 84.6 91.5 
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Table 6.2: Standard deviations of shear strengths 
STANDARD DEVIATION (kN/m2) 
Age (days) 
Mixes W/C Bent. 1 7 14 28 56 84 168 252 336 
ratio % 
4/05 4 5 0.08 0.83 0.83 1.50 0.71 1.64 2.05 2.60 2.23 
4/10 4 10 0.37 1.73 4.30 1.79 2.95 3.57 1.12 1.09 4.44 
4/15 4 15 0.78 1.09 4.15 2.49 4.56 4.72 
4/20 4 20 1.47 2.28 4.97 5.76 
6/05 6 5 0.18 0.24 0.25 0.61 1.42 0.22 1.09 1.66 1.30 
6/10 6 10 0.14 0.54 0.87 2.18 2.08 1.29 1.66 1.79 0.43 
6/15 6 15 0.57 1.09 1.30 2.96 3.49 2.55 1.66 3.77 4.09 
6/20 6 20 0.25 1.92 1.09 2.24 1.09 4.24 
8/05 8 5 0.00 0.15 0.29 0.09 0.54 0.86 0.99 0.43 1.68 
8/10 8 10 0.21 0.55 0.64 0.53 0.89 0.61 1.66 1.22 1.58 
8/15 8 15 0.38 0.40 1.10 0.56 0.41 2.16 3.96 2.69 2.28 
8/20 8 20 0.27 1.27 0.94 1.92 7.01 3.11 7.01 
10/05 10 5 0.00 0.15 0.12 0.17 0.56 0.94 0.47 0.52 0.29 
10/10 10 10 0.00 0.19 0.24 0.35 0.00 0.74 1.12 0.87 1.30 
10/15 10 15 0.25 0.21 0.61 1.05 1.09 1.43 1.22 3.32 2.83 
10/20 10 20 0.05 0.21 1.10 1.35 2.17 0.22 3.96 3.11 3.49 
12/05 12 5 0.00 0.04 0.23 0.13 0.64 0.14 0.41 0.34 0.51 
12/10 12 10 0.07 0.20 0.13 0.32 0.43 1.01 0.74 0.90 1.66 
12/15 12 15 0.09 0.19 0.14 0.23 0.83 1.22 2.28 1.78 0.83 
12/20 12 20 0.05 0.26 0.09 0.83 5.26 2.86 3.39 1.98 2.96 
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Table 6.3: Coefficients of variations of shear strengths 
COEFFICIENT OF VARIATION (%) 
Age (days) 
Mixes W/C Bent. 1 7 14 28 56 84 168 252 336 
ratio % 
4/05 4 5 1.95 4.11 3.66 5.26 1.97 4.23 4.29 4.95 4.75 
4/10 4 10 4.16 5.97 12.29 3.59 4.38 4.67 1.27 1.30 3.91 
4/15 4 15 5.16 2.03 5.97 3.03 4.09 3.70 
4/20 4 20 10.00 3.94 6.45 6.41 
6/05 6 5 7.20 2.58 3.42 4.15 8.82 1.22 4.49 7.72 6.56 
6/10 6, 10 2.22 3.16 3.87 8.90 5.16 2.78 2.99 2.71 0.71 
6/15 6 15 6.33 4.60 3.90 8.84 5.84 3.45 1.70 3.18 4.11 
6/20 6 20 3.52 8.28 3.00 4.98 1.47 4.42 
8/05 8 5 0.00 5.56 9.35 2.09 5.51 11.94 9.34 2.43 13.80 
8/10 8 10 6.77 6.63 5.82 3.58 3.31 2.03 3.91 2.66 3.59 
8/15 8 15 6.44 3.54 7.59 2.69 1.07 4.72 5.71 3.26 3.33 
8/20 8 20 3.86 7.74 3.52 6.13 10.41 4.13 6.27 
10/05 10 5 0.00 6.00 3.64 4.86 7.78 10.10 5.28 5.38 2.67 
10/10 10 10 0.00 3.58 3.38 3.43 0.00 3.20 3.55 2.51 3.68 
10/15 10 15 5.21 2.28 5.60 5.80 4.31 4.35 2.84 6.77 5.24 
10/20 10 20 1.22 2.23 7.86 6.05 4.40 0.31 4.67 3.22 3.50 
12/05 12 5 0.00 2.71 8.85 4.81 11.22 2.33 5.62 4.33 5.82 
12/10 12 10 3.33 4.44 2.13 3.37 2.72 5.00 3.23 3.61 6.03 
12115 12 15 3.00 3.22 1.94 1.52 3.10 3.70 5.66 3.28 1.62 
12/20 12 20 1.56 2.57 0.57 3.90 11.23 4.52 4.29 2.34 3.23 
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Table 6.4: Moisture contents at different ages 
MOISTURE CONTENT (%) 
Age (days) 
Mixes At mix 1 7 14 28 56 84 168 252 336 
4/05 333 250 217 217 231 215 208 208 220 218 
4/10 286 227 214 198 208 235 190 185 225 222 
4/15 250 192 167 189 212 183 168 
4/20 222 192 150 167 176 154 
6/05 461 366 280 315 282 - 400 297 309 292 353 
6/10 374 283 264 259 237 248 261 276 284 274 
6/15 316 223 227 222 239 229 222 237 233 257 
6/20 273 215 198 198 193 215 197 
8/05 571 462 414 432 419 373 409 386 395 416 
8/10 444 356 338 323 315 312 336 327 320 330 
8/15 364 250 287 305 285 283 272 282 263 295 
8/20 308 307 237 240 246 231 241 244 
10/05 667 559 495 487 490 457 442 460 473 500 
10/10 500 434 425 411 404 390 373 440 394 386 
10/15 400 335 290 325 313 300 306 313 313 331 
10/20 333 285 249 278 289 271 260 292 280 285 
12/05 750 588 544 530 560 503 548 526 471 404 
12/10 546 488 435 464 438 448 472 427 433 404 
12/15 429 387 352 365 351 323 325 326 355 329 
12/20 353 308 291 286 313 285 279 284 260 318 
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Table 6.5: Shear strengths of mixes to test the mathematical model 
VANE SHEAR STRENGTH (kN/m2) 
Mixes W/C Bent. Age (days) 
ratio % 1 7 14 28 56 84 112 140 168 196 224 
7/7.5 7 7.5 2.5 7.4 8.8 11.7 16.2 21.4 20.8 19.1 21.5 22.0 23.8 
7/12.5 7 12.5 4.4 11.9 15.6 22.8 32.5 35.8 45.3 48.8 47.4 55.3 53.0 
9/7.5 9 7.5 2.0 4.8 6.2 8.2 10.5 11.2 13.4 19.0 14.6 16.9 19.0 
9/12.5 9 12.5 3.9 9.3 12.0 16.1 22.5 25.5 28.1 30.5 34.5 38.5 47.3 
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Table 6.6: Shear strengths and moisture contents of grouts in vertical pipes 
GROUT IN 
VERTICAL PIPES 
VANE SHEAR 
STRENGTH (kN/m2) 
MOISTURE 
CONTENT (%) 
Depth from top Mix 4/10 Mix 8/15 Mix 4/10 Mix 8/15 
(mm) 
250 51.0 30.0 165 266 
750 48.0 27.5 206 261 
1250 54.0 29.5 210 314 
1750 68.0 28.5 210 273 
2250 52.0 27.5 198 293 
2750 58.0 26.5 194 318 
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6.2.2 Electron Microscopy 
Several electron microscope phoptographs were taken at different magnifications and 
acceleration voltages as described in Section 5.6.4. Some of the more useful 
photographs are included in this report in order to illustrate the inter-action between 
the cement and bentonite particles. 
The dashed lines on the bottom of the photographs are useful to establish the relative 
scales of each photograph. The numbers in the lower right hand corner of the 
photographs give the following information: 
First number - Length of the dashed line in microns 
Second number - Acceleration voltage used 
Third number - The working distance 
Fourth number - The negative identification number 
Descriptions of the Plates nos. 6.1 to 6.7 are given in Table 6.7. 
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Table 6.7: Electron microscope photographs 
Plate 
No. 
Negative 
No. 
Magnification Description 
6.1 6877 3500 Dry (unhydrated) cement 
particles 
6.2 6883 5000 Dry (unhydrated) bentonite 
particles 
6.3 6890 5000 Grout mix 6/10 at 7 days age, 
dried 
6.4 6893 5000 Grout mix 6/10 at 84 days age, 
dried 
6.5 6898 5000 Grout mix 6/10 at 7 days age, 
undried 
6.6 6899 3500 Grout mix 6/10 at 7 days age, 
undried 
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Plate 6.1: Dry (unhydrated) cement particles 
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Plate 6.3: Grout mix 6/10 at 7 days age, dried 
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Plate 6.4: Grout mix 6/10 at 84 days age, dried 
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Plate 6.5: Grout mix 6/10 at 7 day's age, undried 
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Plate 6.6: Grout reis 6/10 at 7 days age, undricd 
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6.3 SUMMARY 
The results obtained from the experimental work include the vane shear strength and 
the moisture content for each of the 20 mixes, together with those of the 4 mixes used 
to test the mathematical model and the two mixes which were placed in vertical pipes. 
They have been presented in Section 6.2.1 and a discussion of these results is given 
in the following Chapter 7. 
The electron microscopy did not provide any quantitive results, the photographs have 
been given in Section 6.2.2 and are intended for qualitative deductions. 
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CHAPTER 7 
DISCUSSION OF RESULTS 
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7.1 SHEAR STRENGT Il 
The results given for the mean vane shear strengths in Table 6.1 show a general 
increase in shear strength with age for all the grout mixes. The rate of increase being 
greatest at the early ages but gradually reducing as the grouts matured. Most of the 
grout mixes were still gaining strength even at the end of the testing period at 336 
days age, although, for some grouts there was a reduction in shear strength from 
about 252 days age. Generally, this occurred for mixes with water/cement ratios of 
6and8. 
Generally, the grouts had greater shear strengths with greater cement contents (lower 
water/cement ratios) and with greater bentonite contents at all ages. Some of the 
stronger grouts could not be tested above a certain age because their strengths were 
greater than could be measured with the hand held shear vane. 
Figures 7.2 to 7.10 are. contour plots showing the relationship at each age between 
the shear strength and the bcntonite content and water/cement ratio. These contour 
plots are useful as they provide a good visual representation of how the shear strength 
is affected by the mix constituents. 
Where the contours are roughly vertical (i. e. parallel to the bcntonite axis), the shear 
strength is largely independent of the bcntonite content and depends on the 
water/cement ratio. Where the contours tend to the horizontal, the shear strength 
depends on the bentonite content rather than the water/cement ratio. Contours which 
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-'I lie between the vertical and horizontal show that the shear strength is dependent on 
both bentonite content and water/cement ratio. 
At the early ages (i. e. up to 84 days), thecontours: tend towards the vertical at low 
water/cement ratios and high bentonite contents (i. e. high solid content); but tend 
towards the horizontal at low bentonite contents and high water/cement ratios (i. e. 
low solid content). At the later ages of 168,252 and 336 days age, the contours tend 
to lie between the vertical and horizontal for most combinations of bcntonite content 
and water/cement ratio, except that they tend towards the horizontal at low solid 
contents. 
A study of these contour plots provides an indication of which aspects of the mix 
effect the shear strength at various ages and the plots could be useful for predicting 
the shear strength of different grout mixes at different ages. They could also be used 
to design mixes to give particular strengths. 
7.1.1 Standard deviations and coefficients of variation 
Standard deviation provides a measure of the dispersion of a number of results from 
the mean. The mean values for vane shear strengths given in Table 6.1 are of four 
results obtained from each sample. The standard deviations given in Table 6.2 are 
those for the four results. Small values of standard deviation indicate that the four 
readings obtained were close together and that the test results were consistent. 
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''`) Generally, the standard deviations obtained were low, many were less than 1 kN/m2 
and most were less than 5 kN/m2. However, it is difficult to compare the standard 
deviations as they relate to means of quite different magnitude. Some idea of the 
degree of variability of the tests can be obtained by considering the coefficients of 
variation presented in Table 6.3. The coefficient of variation is the standard deviation 
expressed as a percentage of the mean. 
With the exception of two results, the coefficients of variation in Table 6.3 are less 
than 10 per cent and most are less than 5 per cent. Thus, the standard deviations are 
generally less than 5 per cent of the mean values which indicates that the variability 
of the shear vane test is low. 
7.2 VARIATION OF SHEAR STRENGTh WITH AGE 
Values of shear strength against age have been plotted for each of the original twenty 
grout mixes (see Figures 7.11 to 7.15). The plots have been grouped together 
according to their water/cement ratios using the same axes. All of the graphs have 
similar shaped curves, the shear strength increasing rapidly at an early age but 
increasing more slowly with increasing age. Most of the mixes were still gaining 
strength at the end of the testing programme after 336 days age but there was a 
reduction in strength for some mixes after 252 days. These mixes are those with 
water/cement ratios of 6 and 8. It is not possible to explain this reduction in strength, 
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" perhaps the samples were disturbed durting the curing period or there was some 
change in the curing environment which affected the strength. 
Although there are some irregularities, the trends for each mix are similar to that 
expected for a cement based material. 
7.3 VARIATION OF SHEAR STRENGTH WITH CEMENT 
CONTENT 
At each bentonite content, graphs have been plotted of shear strength against age for 
grout mixes of different water/cement ratios (see Figures 7.16 to 7.19). These graphs 
show that, at any age, the shear strength is generally greater with decreased 
water/cement ratio (i. e. increased cement content). However, it should be noted that: 
at 5 per cent bentonite content the graphs for the mixes with water/cement ratios Of 
8,10 and 12 are very close together; and at 15 per cent bentonite content the graphs 
for mixes with water/cement ratios 10 and 12 are also very close together. This 
indicates that, at these bentonite contents, there is little difference in strengths 
between water/cement ratios of 8,10 and 12. 
Figures 7.20 to 7.28 plot shear strength against water/cement ratio for different 
bentonite contents at each age tested. At each age, the strength decreases with an 
increase in water/cement ratio with a tendency to level off at ratios greater than 8. 
At 1 day age, the plots are fairly level showing that the water/cement ratio has little 
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effect at' this early age. The difference in shear strengths for different bentonite 
contents is more pronounced at later ages. It can be seen that at ages greater than 28 
days the plots are more widely spaced apart. 
7.4 VARIATION OF SHEAR STRENGTH WITII BENTONITE 
CONTENT 
At each water/cement ratio, graphs have been plotted of shear strength against age 
for different bentonite contents (see Figures 7.11 to 7.15). These graphs show that 
at any age, the shear strength is greater with increased bentonite content. At each 
water/cement ratio, the graphs are well spaced out, thus indicating that the bentonite 
content has a definite effect on the shear strength. 
Figures 7.29 to 7.37 provide plots of shear strength against bentonite content for 
different water/cement ratios at each age tested. At each age, the strength increases 
with an increase in bentonite content, although at the early ages of up to 7 days there 
is a tendency to level off above a bentonite content of 15 per cent. On the plots up 
to 84 days age, the shear strength of mixes with water/cement ratios of 10 and 12 are 
very similar at all bentonite contents. The difference in shear strengths for different 
water/cement ratios is more pronounced at later ages. 
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el 7.5 MOISTURE CONTENT 
The moisture content of each sample tested has been plotted against age on Figures 
7.38 to 7.42. The plots have been grouped together so that mixes of the same 
water/cement ratio have been plotted on the same axes. The starting moisture content 
has been calculated on the mix proportions. All of the plots show a sharp decrease 
in moisture content during the first few days. With the exception of a few 
irregularities, they are reasonably level at ages greater than 7 days. 
The initial drop in moisture content can be explained by initial bleeding of the mixes. 
During the first 24 hours after mixing, an amount of water drained through the joints 
of the steel moulds for most of the mixes but this did not continue after the initial 
period. The water bleeding off was excess water which could not be taken up by the 
solids. 
After the initial bleeding of the mixes, the plots are reasonably level which shows that 
the cling film used to seal the moulds was effective in preventing the mixes from 
drying out. Thus enabling the mixes to cure without any appreciable change in 
moisture content. The plots are more widely spaced apart for higher water/cement 
ratios (lower cement content) as the bentonite content is having a more pronounced 
effect on water absorption. 
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7.6 GROUT MIXES IN VERTICAL PIPES 
7.6.1 Variation of shear strength with depth 
The shear strengths at 28 days age, for the two mixes which were placed in vertical 
pipes, have been plotted against depth on Figures 7.43 and 7.44. Although there are 
some variations in the shear strengths, the plots do not show any noticeable trends. 
7.6.2 Variation of moisture content with depth 
Figures 7.45 and 7.46 plot moisture contents against depth for the two mixes which 
were placed in the vertical pipes. The plots do not show any noticeable trends 
although there are some variations. 
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7.7 MATHEMATICAL MODEL 
7.7.1 Development of the model 
A mathematical curve, which closely follows the plot of shear strength against age, 
was derived for each of the twenty mixes. Several formulae were considered as being 
suitable for modelling the type of curve required, these were as follows. 
*y= AxB Equation 7.1 
*y= A(1-B'") Equation 7.2 
`y= (Ax)/(x+B) Equation 7.3 
These formulae were considered because their graphs can have a steep gradient near 
the origin, with the gradient gradually reducing as x is increased. Each of the curves 
can be made to follow the plots of the test results by determining suitable values of 
A and B. 
Considering the shear vane results for mix 6/10, each of the formulae can be used to 
produce curves which are close to the points when plotted on scales of shear strength 
against age. A good tit is obtained when the formulae arc: 
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*S= 100.928 X LO'362 Equation 7.1 
"S= 63 x (1 - 1.015'') Equation 7.2 
*S= (75 x t)/(t + 50) Equation 7.3 
where S is the shear strength (kN/m2) and t is the age (days). Plots of these curves 
together with the test results are given in Figure 7.1. 
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Figure 7.1: Comparison of different curves fitted against test results for mix 
6/10 
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Previous researchers suggested formulae for the compressive strength of 
bcntonitc/ccmcnt grouts. Caron (1973) arrived at the following relationship for the 
compressive strength at 28 days: 
k= 100 (C/E)2 daN/cm2 
where C/E = cement/water ratio. 
Chapuis, Pare & Loisclle (1984) developed Caron's formula to become: 
Qý =K (C/W)2 34 kPa 
Card (1981) tested bentonite/cement slurries in compression and plotted compressive 
strength against age on log-log axes and found the relationship to be reasonably linear 
over the age range being considered. He proposed the relationship: 
log o, =A+mlog t 
where: a= compressive strength in kN/m2; and 
t= time in days 
For the linear graph on log-log axes, m is the gradient and A is the intercept on the 
log o, axis. 
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Card stated that the formula becomes: 
at =A to 
where A and m are constants and are unique to a particular slurry. 
This formula is in fact incorrect and should be: 
o, =1 0^ tm 
Of the three equations considered to be suitable for curve plotting, Equation 7.1 is 
the simplest and easiest to use and also provides a good spread of points over the 
ranges being considered. A reasonably straight line is obtained when plotted on log- 
log axes thereby making a linear regression analysis easy to perform. 
A linear regression analysis was performed for each of the twenty mixes using 
Equation 7.1 namely: 
S=CtB 
where: S= the vane shear strength in kN/m2; and 
t= the age of the grout in days. 
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To plot this and obtain a linear graph, the equation is written in the form: 
log S= log C+B log t 
if A =log C; 
then log S =A+ B log t 
The results of the analyses are given in Table 7.1. 
The spread of coefficients A and B are small and in the equation, the value of S is 
particularly sensitive to the coefficient B. It is intended that the equation will be used 
to predict the shear strength of grouts at particular ages and so for ease of use the 
coefficients A and B have been multiplied by 100 to be used in the following 
equation: 
S= 1O(N100) t(anoo) 
The coefficients A and B depend on a number of factors which include the mix 
proportions, the method of mixing and curing, as well as the type of cement and 
bentonite used. 
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Table 7.1: Results of linear regression for 20 grout mixes 
Mix A B RZ 
4/05 1.092 0.252 0.966 
4/10 1.194 0.335 0.960 
4/15 1.436 0.345 0.994 
4/20 1.463 0.356 0.983 
6/05 0.705 0.269 0.800 
6/10 0.928 0.362 0.967 
6/15 1.012 0.423 0.952 
6/20 0.894 0.557 0.987 
8/05 0.015 0.466 0.899 
8/10 0.525 0.475 0.969 
8/15 0.568 0.538 0.966 
8/20 0.692 0.614 0.976 
10/05 0.068 0.401 0.912 
10/10 0.277 0.531 0.978 
10/15 0.541 0.484 0.988 
10/20 0.445 0.656 0.959 
12/05 -0.121 0.439 0.945 
12/10 0.275 0.485 0.962 
12/15 0.289 0.590 0.956 
12/20 0.526 0.602 0.960 
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Figures 7.47 to 7.66 show the equation using the appropriate values of A and B 
plotted against the test results for each mix. It can be seen that in most cases the 
model curve is reasonably well fitted to the test results. The regression coefficient 
R2 is generally high being in excess of 0.9 in all cases except for mixes 6/05 and 
8/05. 
So that the formula can be used as a prediction model for the vane shear strength, the 
coefficients A and B have been plotted on Figures 7.67 and 7.68 respectively as 
contours against the bentonite content on the vertical axis and the water/cement ratio 
on the horizontal axis, so that for any particular mix, the coefficients A and B can be 
readily obtained for substitution into the formula to predict the strength at any 
particular age. 
7.7.2 Tests on the model 
In order to test the validity of the model, the shear strength results obtained for the 
four mixes 7/7.5,7/12.5,9/7.5 and 9/12.5 were compared with the predicted results 
from the model for various ages up to 224 days. It should be noted that these mixes 
have different bentonite contents and water/cement ratios to those in the original 
twenty mixes used to derive the model. 
For the four mixes, the coefficients A and B were read off from the contour plots on 
Figures 7.66 and 7.67. The following values were obtained: 
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Table 7.2: Coefficients A and B for the four mixes used to test the model 
Mix A B 
7/7.5 54 39 
7/12.5 76 45 
9/7.5 23 47 
9/12.5 47 50 
Hence the prediction equations are given in Table 7.3. 
Table 7.3: Prediction equations for the four mixes used to test the model 
Mix Equation 
7/7.5 S=3.5 to-39 
7/12.5 S 5.8 t° 
9/7.5 S=1.7 t°. " 
9/12.5 S=3.0 t°"S° 
The prediction equations have been plotted with the test results obtained on Figures 
7.69 to 7.72 and a comparison of the results are given in Tables 7.4 and 7.5. A ,2 
test has been applied in order to compare the actual results and those predicted by the 
model. 
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Generally, the actual results compare well with the predicted results. It can be seen 
from the graphs that the actual results follow the same trend as the predicted results. 
The actual results for mixes 7/7.5 and 9/12.5 are lower than those predicted at ages 
greater than about 100 days. 
The ,' test of significance can be used to determine if an observed series of values 
differs significantly from what was expected. The test involves establishing a null 
hypothesis. In this case, the null hypothesis is that it is reasonable to suppose that 
the actual test results are drawn from a population of results based on the theoretical 
model values. 
There are 10 degrees of freedom for the results obtained, and for a chosen 
significance level of 5 per cent the critical x'- value will be 18.3 and at 1 per cent it 
will be 23.2. The calculated x2 value for all four mixes is well below both of these 
values and so the null hypothesis will be accepted (i. e. that there is no significant 
difference between the between the actual and predicted results). Thus the model can 
be used with confidence. The approximate significance levels for the four mixes are 
given in Table 7.6 below. 
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Table 7.4: Comparison of Actual and Predicted results - Vane Shear 
Strengths (kN/m2) for mixes 7/7.5 and 7/12.5 
Age Mix 7/7.5 Mix 7/12.5 
(days) Actual Predicted Actual Predicted 
1 2.5 3.5 4.4 5.8 
7 7.4 7.5 11.9 13.9 
14 8.8 9.8 15.6 19.0 
28 11.7 12.8 22.8 26.0 
56 16.2 16.8 32.5 35.5 
84 21.4 19.7 35.8 42.6 
112 20.8 22.0 45.3 48.5 
140 19.1 24.0 48.8 53.6 
168 21.5 25.8 47.4 58.2 
196 22.0 27.4 55.3 62.4 
224 23.8 28.9 53.0 66.2 
X, 1 4.4 1 9.1 
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Table 7.5: Comparison of Actual and Predicted results - Vane Shear 
Strengths (kN/m2) for mixes 9/7.5 and 9/12.5 
Age Mix 9/7.5 Mix 9/12.5 
(days) Actual Predicted Actual Predicted 
1 2.0 1.7 3.9 3.0 
7 4.8 4.2 9.3 7.9 
14 6.2 5.9 12.0 11.2 
28 8.2 8.1 16.1 15.9 
56 10.5 11.3 22.5 22.4 
84 11.2 13.6 25.5 27.5 
112 13.4 15.6 28.1 31.7 
140 - 19.0 17.3 30.5 35.5 
168 14.6 18.9 34.5 38.9 
196 16.9 20.3 38.5 42.0 
224 19.0 21.6 47.3 44.9 
3.0 1 2.7 
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Table 7.6: Approximate significance levels for the four test mixes 
Mix No. Significance 
level 
7/7.5 93% 
7/12.5 52% 
9/7.5 98% 
9/12.5 99% 
7.8 RELATIONSHIP BETWEEN THE 1 DAY, 7 DAY AND 28 DAY 
SHEAR STRENGTHS 
Using the predictive equations for the 1 day, 7 day and 28 day shear strengths, it can 
be shown that the relationships between the 1 day strength and the later strengths are 
given by the following formulae: 
S, 8 = Sl 28( 
00) 
S, 
8 = 
S7 4(B/'°°) 
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These relationships give the results listed in Table 7.6 for the 4 mixes used to test the 
mathematical model. It can be seen that the predicted 28 day strengths based on the 
7 day strengths give results much closer to the actual strengths than those based on 
the 1 day strength. 
At 1 day age the shear strengths of the mixes are very low and hence even small 
differences between the actual strengths and the predicted strengths are quite large 
when expressed as a proportion of the actual strength. Use of the mathematical 
model to predict the 28 day strengths in this way leads to bigger differences when 
based on the 1 day strengths rather than the 7 day strengths. 
Table 7.7: Predicted 28 day shear strengths based on 1 day and 7 day strengths 
Mix Actual Shear Strength Predicted shear strength 
No. (kN/m2 ) (kN/m2) at 28 days based 
1 day 7 day 28 day on strength at 
1 day 7 day 
7/7.5 3.7 11.1 17.5 13.6 19.1 
7/12.5 6.6 17.8 34.2 28.7 33.2 
9/7.5 3.0 7.2 12.3 14.4 13.8 
9/12.5 5.8 13.9 24.1 30.7 18.0 
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7.9 MIX DESIGN 
Using the contour plots for shear strength, it is possible to design a mix to have a 
required shear strength. 
As an example, suppose a shear strength of 25 kN/m2 was required at 28 days age 
and the bentonite content was to be 10 per cent by weight of water. The contour plot 
given on Figure 7.5 would be used by reading across horizontally on the 10 per cent 
bentonite content line until the 25 kN/m2 countour was reached, reading vertically 
down from this point gives a water/cement ratio requirement of around 6. 
In order to determine the shear strengths at other ages for this combination of 
water/cement ratio and bentonite content, the coefficients A and B could be obtained 
from Figures 7.67 and 7.68 and the model formula used. In this example A would 
be about 92 and B about 37, hence the equation for shear strength would be: 
S, = 8.3 t°"" 
(at 28 days age, this equation gives the shear strength as 28.5 kN/m2 compared with 
the shear strength of 25 kN/m2 required). 
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7.10 ELECTRON MICROSCOPY PHOTOGRAPHS 
The photographs show the particles comprising the grout with a high magnification. 
The interpretation of the photographs is rather subjective but nonetheless they do give 
an indication of the interaction between the particles. 
Plate 6.1 shows unhydrated cement particles before mixing. The particles can be 
seen to be extremely angular with a rough gritty type of surface. One or two needle 
like crystals can be seen growing from a few particles. 
Plate 6.2 shows unhydrated bentonite particles before mixing. The particles can be 
seen to be of a laminar plate like shape similar to that of cornflakes. The particles 
are in clusters, lying in the same plane and stacked on top of each other. This 
particle association has been described as 'aggregation' in Section 2.3. 
Plate 6.3 shows dried grout mix 6/10 at 7 days age. The plate like bentonite particles 
can be seen clearly as can a few angular shaped cement particles. Many needle like 
crystals are growing from the hydrated cement particles. At this age the crystals are 
relatively thin and fragile looking, without much interlocking between them. 
Plate 6.4 shows the same grout mix as Plate 6.3 to the same magnification but at 84 
days age. The cement crystals are quite chunky and strong looking and there is 
considerable interlocking of the crystals and the particles. A few bentonite and 
cement particles can be seen. 
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Plate 6.5 shows undried grout mix 6/10 at 7 days age. The appearance of the grout 
is similar to that shown in Plate 6.3 with many needle like cement crystals beginning 
to interlock. 
Plate 6.6 shows the same grout mix as Plate 6.5 but at a lower magnification. The 
cement and bentonite particles are well dispersed, crystals are growing from the 
cement particles, but at this early age there is not much interlocking of the crystals. 
7.11 FEEDBACK FROM INDUSTRY 
In order to gauge the usefulness of the predictive equation developed in this research, 
contact was made with three different organisations which were: 
* Bachy Ltd., a specialist contractor using bentonite/cement grouts; 
* Laporte Absorbents, manufacturers of bentonite; and 
* Building Research Establishment, a research organisation that has been 
carrying out research into bentonite/cement grouts. 
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The above organisations were provided with details of the predictive equation and 
were asked to comment on the following points: 
" The methods currently used for mix design and for predicting the shear 
strengths of grouts at different ages; 
* The model's approach to'the prediction of shear strength; 
" The proposed model's usefullness to industry; and 
* Mix details and shear strengths for grout mixes used in industry. 
The feedback from the three organisations can be summarised as follows: 
Bachy Ltd. is not particularly interested in the short term shear strength of the grout 
and is much more interested in the unconfined compressive strength. However, they 
may be interested in the short term shear strength in special situations such as when 
introducing sheet piles or membranes into the bentonite/cement slurry. The vane test 
can be used to carry out an in-situ test where coring for unconfined compression 
samples is impossible. They feel that it may be feasible to produce a prediction 
model for unconfined compressive strength similar to the one proposed for the vane 
shear strength. Mix design and prediction of strength is based on in house databases. 
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Laporte Absorbents have limited experience of bentonite/cement grouts but is 
interested in the method for predicting shear strength and considers the method to be 
based on sound principles. 
Dr. P. Tcdd of the Building Research Establishment stated that mix designs of grouts 
are entirely empirical and based on data from trial mixes, with most published data 
relating to high strength grouts. He thought the proposed model to be reasonable for 
predicting the short term shear strength up to about 90 days age but that there would 
not be a significant increase in strength beyond one year and so there should be a 
time limit on the model. He felt the model would be useful to industry to provide a 
first estimate but the effect of variables should be emphasised. His work has been 
with bentonite/cement slurries for cut off walls with a maximum bentonite content of 
5 per cent, he has found that the unconfined compressive strength is about four times 
the hand vane shear strength. 
In a follow up telephone conversation, Dr. Tcdd pointed out that he has been working 
with relatively strong grouts which become brittle at an early age and behave in a 
different manner to clays. In the unconfined compression test, failure is by vertical 
cracking and not in shear along the usual 45° plane. 
The usual theory as outlined in Section 4.4 does not apply to these stronger grouts, 
doubling the value obtained from the vane test would give an approximate guide to 
the value of shear strength obtained from the unconfined compression test. 
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Copies of the correspondence are given in Appendix V. 
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7.12 SUN MARY 
The results obtained from the experimental work have been used to obtain contour 
plots and graphs which show the relationships between: 
* the shear strength and mix contents; 
* the shear strength and age; 
* the moisture content and age; and 
* shear strength and depth. 
A mathematical model has been developed to enable the shear strength to be predicted 
at any age depending on the mix constituents. The model is given as; 
S= lo(a100) ß(B/100) 
where A and B are coefficients which can be read directly from contour plots. 
The model has been tested against the results obtained for 4 mixes. There was good 
agreement between the model and the test results and so the model can be used with 
confidence. 
The contour plots and the model can be used for the design of mixes to give required 
shear strengths and to predict the shear strength of given mixes at various ages. 
237 
The conclusions which can be drawn from the results of the experimental work are 
presented in the following Chapter 8. 
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Figure 7.3: Values of shear strength at 7 days age 
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Figure 7.5: Values of shear strength at 28 days age 
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Figure 7.6: Values of shear strength at 56 days age 
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Figure 7.8: Values of shear strength at 168 days age 
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Figure 7.9: Values of shear strength at 252 days age 
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Figure 7.10: Values of shear strength at 336 days age 
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4 .# 
E1 
z 
r C) 
C 
41 
N 
4S 
N 
(0 
'1V 
20- 
00- 
80- - 
60- - 
40- 
20 " 
0 
0 50 100 1 50 260 250 360 35( 
Age (days) 
-ý - mix 6/05 -+- mix 6/10 --- mix 6/15 =-- mix 6/20 
Figure 7.12: Vane shear strength (w/c = 6) 
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Figure 7.14: Vane shear strength (w/c = 10) 
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Figure 7.18: Vane shear strength (bentonite = 15%) 
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Figure 7.20: Vane shear strength (1 day age) 
252 
0 50 100 150 200 250 300 350 
Age (days) 
14C 
12C 
N 
E 10C 
Z 
L 8C 
0) 
C 
6C 
co 
I- 
4C 
U) 
20 
C 456789 10 11 1; 
Water/Cement ratio 
-ý-B=5% -+-B=10%-B=15%z-B=20% 
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Figure 7.22: Vane shear strength (14 day age) 
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Figure 7.24: Vane shear strength (56 day age) 
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Figure 7.25: Vane shear strength (84 day age) 
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Figure 7.26: Vane shear strength (168 day age) 
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Figure 7.27: Vane shear strength (252 day age) 
J 
ý4 
5 6 7 8 9 10 11 12 
Water/Cement ratio 
I 
-w-B=5% -& B=10% B=15% Ei B=2O% 
Figure 7.28: Vane shear strength (336 day age) 
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Figure 7.29: Vane shear strength (1 day age) 
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Figure 7.30: Vane shear strength (7 day age) 
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Figure 7.32: Vane shear strength (28 day age) 
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Figure 7.34: Vane shear strength (84 day age) 
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Figure 7.38: Moisture content (w/c = 4) 
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Figure 7.40: Moisture content (w/c = 8) 
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Figure 7.41: Moisture content (w/c = 10) 
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Figure 7.42: Moisture content (wlc = 12) 
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Figure 7.44: Vane shear strength against depth (mix 8/15) 
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Figure 7.46: Moisture content against depth (mix 8/15) 
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Figure 7.48: Vane shear strength (mix 4/10) 
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Figure 7.50: Vane shear strength (mix 4/20) 
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Figure 7.52: Vane shear strength (mix 6/10) 
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Figure 7.53: Vane shear strength (mix 6/15). 
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Figure 7.54: Vane shear strength (mix 6/20) 
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Figure 7.55: Vane shear strength (mix 8/05) 
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Figure 7.56: Vane shear strength (mix 8/10) 
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Figure 7.58: Vane shear strength (mix 8/20) 
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Figure 7.59: Vane shear strength (mix 10/05) 
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Figure 7.60: Vane shear strength (mix 10/10) 
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Figure 7.62: Vane shear strength (mix 10/20) 
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Figure 7.64: Vane shear strength (mix 12/10) 
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CHAPTER 8 
CONCLUSIONS 
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8.1 INTRODUCTION 
It is clear from this work and from previous work performed by others that the inter- 
action between bentonite, cement and water in bentonite/cement grouts is a very 
complex process. Both the bentonite and the cement contribute to the shear strength 
of the grout so that the strength at any given age is dependent on both the bentonite 
and cement contents. In this research, for all mixes except those with low solids 
content, the grouts continued to gain strength with age over a very long period of 
time. 
8.2 MIXING OF THE GROUT 
Bentonite is difficult to mix into water, a high shear mixer is required to disperse the 
particles. The bentonite absorbs water, thus mixing should continue over a 
reasonable period of time in order to allow the bentonite to hydrate. When the 
bentonite/water mixture is allowed to stand without shear stresses being applied, it 
will form a gell of high viscosity because of its thixotropic properties, further 
agitation will cause the viscosity to fall. The process can be repeated indefinitely. 
Addition of Ordinary Portland Cement to the bentonite/ water mixture often causes 
a rapid stiffening of the mix to the extent that the mixture becomes almost impossible 
to mix. If the mixing process is continued and further cement added, the mixture 
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thins and its viscosity reduces to that usually associated with grout mixtures. The 
stiffening is caused by mutual flocculation of the bcntonite caused by the cement. 
8.3 MOULDS 
In this work, steel concrete cube moulds were used. These proved to be very 
satisfactory but other forms of mould could equally be used. Timber moulds lined 
with polythene to prevent leakage could also be considered. The grout could even 
be poured into plastic containers such as buckets although care would need to be 
taken when moving such containers as any distortion could disturb the set grout. 
When taking grout samples on site, any form of robust container would be suitable, 
provided its dimensions were such that the hand held shear vane could be used for 
testing the grout. Metal containers such as large cans may well be useful. 
8.4 CURING 
After some loss of water during the first 24 hours caused by intial bleeding, the 
moisture content of grouts remains reasonably constant. Samples should not be cured 
under water as is the practice with concrete cubes because this would allow the 
bentonite to take up extra water over and above that which is in the mix. 
Samples 
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can be scaled using cling film or similar and stored at laboratory temperature until 
needed for testing. . 
8.5 HAND HELD SHEAR VANE 
The hand held shear vane provides a quick simple method of measuring the shear 
strength of the grout. The Pilcon shear vane is calibrated to give shear strength 
readings directly in kN/m2. The readings for any particular sample are consistent, 
with a low coefficient of variation. Provided the grout mould is of sufficient 
dimensions, several readings can be obtained and the mean of these readings used to 
give the shear strength of the grout. 
8.6 DEVELOPMENT OF SHEAR STRENGTH 
The shear strength of bentonite/cement grouts increases with age, the rate of increase 
is greatest at early ages but decreases with time. With the exception of mixes with 
low solids content, the grouts gain strength over a long period of time and may still 
be gaining strength after a year. This long-term gain in strength is probably caused 
by the bentonite particles absorbing large amounts of the water thereby preventing full 
hydration of the cement. Over a period of time, the bentonite releases the water 
enabling the cement to hydrate with a resulting increase in strength. 
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For grouts with high bentonite and cement contents (i. e. high solids contents), the 
shear strength at early ages (up to about 84 days) is mainly influenced by the cement 
content, but at later ages it is influenced by both the bentonite and cement contents. 
For grouts with low solids contents, the shear strength is influenced by the bcntonite 
content. 
An important factor in the development of shear strength in the grout is the growth 
of cement crystals arising from hydration of the cement. These needle like crystals 
grow longer and thicker with time and, as they interlock with each other and with the 
bentonite particles, the shear strength of the grout is increased. In mixes with low 
cement content, the cement particles are not close to each other as they are dispersed 
throughout the mix. The crystals are less likely to interlock with each other although 
they will still interlock with the bentonite particles. 
8.7 RELATIONSHIP BETWEEN SHEAR STRENGTH AND MIX 
PROPORTIONS 
The relationship between shear strength and mix proportions is complex. A study of 
the contour plots given on Figures 7.2 to 7.10 provides an indication of how the shear 
strength is affected by the mix constituents. An empirical relationship has been 
derived in the form of an equation which could be used to predict the shear strength 
of a particular mix. 
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The development of shear strength can be modelled mathematically using a number 
of formulae. A useful formula which gives theoretical results close to the 
experimental results is of the form; 
logS =A+B logt 
where: S is the shear strength; 
t is the age; and 
A and B are coefficients for any particular mix. 
Provided the coefficients A and B are known, then it is possible to predict the shear 
strength of a particular mix at a prescribed age. 
The coefficents A and B have been determined for a range of grout mixes. In this 
research, these coefficients were found to be numerically small i. e. generally less than 
unity. Therefore A and B were multiplied by 100 for ease of use. Hence, the 
prediction equation became; 
S, =1O (100) t(a/, oo) 
where: S, is the shear strength in kN/m'- at age t; 
t is the age of the grout in days; and 
A and B are coefficients. 
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The coefficients A and B can be obtained from Figures 7.66 and 7.67 depending on 
the water/cement ratio and bentonite content of the mix in question. It should be 
noted that the values of A and B, so obtained, relate to the mix proportions for the 
particular materials used and the method of mixing and curing. If different types of 
cement and bentonite are used or the materials are mixed or cured in a different way, 
the values of the coefficients may well be different and hence so will the predicted 
shear strength. 
The predictive equation was tested against four mixes different to those used to derive 
the coefficients. The actual shear strengths obtained at different ages compare well 
with those predicted by the equation. Statistically there is no significant difference 
between the actual and predicted results and so the equation can be used with an 
acceptable level of confidence. 
8.8 PREDICTION OF SHEAR STRENGTH 
The mathematical model presented in Section 8.7 allows the shear strength to be 
predicted at any age and for any mix within the range of those tested. It is possible 
to predict the 28 day strength based on either the 1 day or 7 day strengths but there 
is little point in this since a better prediction is obtained using the model. 
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8.9 MIX DESIGN TO OBTAIN A DESIRED SHEAR STRENGTH 
Contour plots of shear strengths at different ages are given in Figures 7.2 to 7.10. 
These plots give the shear strengths for different combinations of water/cement ratios 
from 4 to 12 and bentonite contents from 5 per cent to 20 per cent. The plots have 
been obtained by interpolation of actual test results for 20 mixes. 
It is common practice for the strength requirement at 28 days age to be specified. By 
using Figure 7.5, which gives the shear strength at 28 days, it is possible to choose 
several combinations of water/cement ratio and bentonite content to give the required 
strength. The specified shear strength can be obtained by using either a low bentonite 
content with a low water/cement ratio (high cement content) or a high bentonite 
content with a high water/cement ratio (low cement content). The grout becomes 
difficult to mix at high bentonite contents and also bentonite is more expensive than 
cement. It may be preferable to keep the bentonite content reasonably low and hence 
use a low water/cement ratio to achieve a desired shear strength. Other properties 
such as permeability or elasticity may be specified in addition to the shear strength 
and therefore upper or lower limits could be placed on the water/cement ratio and/or 
bentonite content. 
The method of. mix design could be to: take the appropriate contour plot for the age 
specified; decide on the bentonite content; and then read across the plot to the 
appropriate contour which gives the required shear strength from which the 
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water/cement ratio can be found. The amounts of bentonite and cement can then be 
calculated for say 1 m; of water. 
8.10 VARIATION OF SHEAR STRENGTH WITH DEPTH 
Two grout mixes were placed in vertical pipes of 3.0 m length. Although there were 
differences in the shear strengths at different depths for both mixes there were no 
noticeable trends. As a result of its thixotropic properties the bentonite has the ability 
to keep the solids in suspension rather than sinking to the bottom. This keeps the 
cement particles well dispersed throughout the depth so that the shear strength does 
not vary with depth. Also, no noticeable trend was found for the moisture content 
varying with depth (i. e. the solid content was reasonably constant throughout the 
depth). 
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CHAPTER 9 
RECOMMENDATIONS 
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9.1 THIS RESEARCH 
This research was based on 20 bentonite cement grout mixes with bentonite contents 
ranging from 5 per cent to 20 per cent by weight of water and water/cement ratios 
from 4 to 12. A mathematical model has been developed to enable the shear strength 
as measured by a hand held shear vane to be predicted. 
The water/cement ratios used were 4,6,8,10 and 12 which are equivalent to cement 
contents of 25,16.7,12.5,10 and 8.3 per cent by weight of water. The cement 
content is not evenly spread over the range, there were few mixes at relatively high 
cement contents and more mixes at relatively low cement contents. 
Two mixes were placed in vertical plastic pipes to simulate the effects of depth when 
grout is placed in a borehole or trench within the ground. 
9.2 FUTURE RESEARCH 
The mathematical model for predicting shear strength has been tested using only four 
grout mixes. The model needs to be more rigorously tested for other mixes to 
confirm that it holds good over a range of bcntonite and cement contents. Mixes with 
cement contents spread evenly over a range should be used. In order to test the 
model, the same materials and methods of mixing and curing should be used. 
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It should be noted that the model has been developed for one particular brand of 
bentonite and for one method of mixing and curing the grout. It is likely that the 
model will be similar even if another brand of bentonite is used although the 
coefficients A and B used in the prediction equation are likely to be different. A 
range of grouts using different bentonites and even different cements should be used 
to test the model. Perhaps sets of contour plots for A and B could be designed for 
the different materials likely to be used in industry. 
In this research, some of the mixes exhibited a reduction in shear strength after 252 
days. Further research should be done to confirm whether there is a loss of strength 
after a certain age for certain mixes or whether this was an anomaly. 
Different methods of mixing and curing could be used to see what effect they have 
on the coefficients A and B. The use of a high shear grout mixer similar to that used 
in industry should be considered. 
This research used laboratory mixed samples. Field trials using grout placed in 
boreholes in the ground should be performed to compare laboratory results with the 
shear strength obtained in industrial applications. The model should be tested against 
the results of these field trials. 
Only two grout mixes were placed in vertical pipes of 3.0 m length. No trend for the 
variation of shear strength with depth was noticed. Field trials as described above 
would be useful, borcholes should be made in different types of soil since bleeding 
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of water from the grout into the surrounding soil will differ according to the soil type 
and this may effect the development of shear strength. After a suitable period of 
time, the boreholes could be excavated and the shear strength measured at various 
depths. 
9.3 RECOMMENDATIONS TO INDUSTRY 
At present, the strength of bentonite/cement grouts and slurries is generally tested 
using some form of unconfined compression test. This requires samples to be 
carefully prepared and tested in a laboratory by skilled personnel. In this research, 
the use of the hand held shear vane proved to be very satisfactory and it is 
recommended that industry considers using this to determine the shear strength of the 
grout. The test can be readily carried out on site with minimum training of personnel 
required. Sophisticated equipment is not required and the test can be performed in- 
situ at the top of slurry walls or boreholes if required. Simple containers can be used 
to hold samples of the grout for testing at later dates. 
There is little information on mix design, specialist contractors using bentonite%ement 
grouts rely on previous experience to determine suitable mixes. The use of predictive 
equations similar to that developed in this research would be very useful. Industry 
should consider developing such equations to suit the particular materials and methods 
of mixing which will be used in practice. 
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RUGBY CEMENT 
CROWN HOUSE 
RUGBY CV2120T 
Telephone: (0788) 542111 
Telex: 31523 
Fax: (0788)5`0166 
CEMENT TEST REPORT 
Ref No. PB. SG 
Date 07/09/94 
RUGBY 
CEMENT 
Rugby portland ex Rochester Works - DS 12: 1991 Portland cement, class 42. SN 
Average analysis and physical test results for January-August 1994 
SiO, % 20.7 
A1263 % 5.7 
Fe, O3 % 2.7 
CaO % 63.8 
MgO % 0.8 
SO3 % 2.7 
Loss on ignition % 1.2 
Alkalis as (Na, O) , 
% 0.63 
, Chloride as Cl- % < 0.02 
Bogue composition: 
C3S % 49 
C2S % 22 
C3A % 10.5 
C4AF % 8.2 
Fineness m2/kg 350 
Setting time min 160 
Soundness mm 0 
Compressive strength EN 1 96-1 
2 days N/mm2 24.0 
7 days N/mm2 42.0 
28 days N/mm' 56.5 
------------------------------------------------------------------------------------------------ 
The Company does its best to ensure that this report and any advice, recommendation or information it may gi%t is accurate, 
but no liability or responsibility of any kind (including liability from negligence) is accepted in this respecct. 
For RUGBY CEMENT 
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BREBENT - Civil Engineering Bentonite 
TYPICAL CHARACTERISTICS 
Brebent is a high sv. elling bentonite suited to all Civil Engineering applications. 
Brebent meets all requirements of:. 
OCMA Specification D. F. C. P. 4. 
F. P. S. Specification relating to: diaphragm walling large diameter piling. 
Brebent is speciaf: y characterised by rapid hydration and ease of dispersion. 
GENERAL PROPERTIES 
Moisture Content 10 to 12% 
Bulk Density 880-960 kg/m3 
Bulk Density 55-60 lb/ft3 
pH (5% suspension) 9.8 
Swelling Volume 40ml/2g 
Liquid Limit 520 min 
Particle Size Analysis: Dry Powder 
Passing 150 micron 98 
Passing 75 micron 85 
Passing 53 micron % 75 
OCMA SUSPENSION PROPERTIES 
Wet Dispersion 
99.0 
98.0 
97.5 
Suspension Solids Content %456 
Apparent Viscosity cp 8 11.5 16 
Filtrate Loss ml 18 16.5 15 
OCMA Barrel Yield m3 tonne 17.6 (specification 16 min) 
OCMA Filtrate Loss ml 13.0 (specification 15 max) 
F. P. S. SUSPENSION PROPERTIES 
Suspension Solids Content % 4 5 6 Specification 
Density kg/m3 1022 1028 1034 1100 max 
2Hr Viscosity Marsh Cones: seconds 32 36 40 30 to 90 
24Hr Viscosity Marsh Cones: seconds 33 38 47 30 to 90 
Shear Strength (10 min gel strength) N/m2 5.7 9.1 14.7 
/ý, ý ý\ý 
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The contents of this bulletin 
are for Technical purposes 
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a specification. 
$N \oý'11j'ß60 bL 
00 
ol 
_r - 
BREBENT - Civil Engineering Bentonite (Continued) 
TYPICAL CHARACTERISTICS 
INFLUENCE OF MIXING VARIABLES 
Mixing Aging Apparent Marsh 10 min Gel 
Speed Time Viscosity Cone Strength 
rpm hr cp sec N/m2 
2000 2 10.0 38 19 
2000 24 11.3 40 19 
7000 2 10.0 37 20 
7000 24 11.3 40 22 
(results for 5% suspension) 
CHEMICAL ANALYSIS 
Si02 
A1203 
Fee 03 
Ti02 
MgO 
CaO 
Na2 0 
K20 
Loss on Ignition 
56.8% dry wt basis 
15.5% " of " 
8.0% of "" 
0.9% ., ,. 
3.7% .,., 
2.3% ,.., 
2.9% ., 
0.5°6 " 
7.5% ",  
j 
IN 
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SCHEDULE 6 Regulation 30(4) 
INFCRMATION FOR LOCAL AUTHORITIES 
Sutton District Water plc 
Water Supply Zone 1 (Burgh Heath / Margery) 
For Period 01/01/93 to 30/06/93 
Parameter 
Total Coliforms 
Total coliforms - 50 samples 
Faecal Coliforms 
I Day Colony Count at 37C 
2 Days Colony Count at 37C 
3 Days Colony Count at 22C 
Total Chlorine 
Turhidity 
Pi 
Conductivity 
Taste (Quantitative) 
Odour (Quantitative) 
Temperature 
Nitrate as N03 
Nitrite as N02 
Ammonium as NH4 
Colour mg/t Pt/Co Scale 
iron as Fe 
Aluminium as Al 
Manganese as Mn 
Copper as Cu 
Lead as Pb 
Zinc as Zn 
Trichtoromethane 
Bromodichloromethane 
Chlorodibromomethane 
Tribromomethane 
T-' Trihatomethane 
Ts.. . TKM -3 month mean 
Trichloroethene 
Trichloroethene - 12 month mean 
Tetrachloroethene 
Tetrachloroethene - 12 month mean 
Tetrachloromethane 
Tetracloromethane - 12 month mean 
Benzo 3,4, Pyrene 
Benzo 3,4 Pyrene - 12 month mean 
Total P. A. H 
Chloride as Cl 
Chloride - 12 month mean 
Sulphate as S04 
Phosphorus as P 
Total Organic Carbon as C 
Oxidisability as 02 
Fluoride as F 
Cyanide as CN 
Total Hardness as Ca 
Alkalinity as HCO3 
Dry Residues at 180C 
NuTt er of Number of PCV 
Samples Samples Unit of 
taken planned measure 
in period for year 
57 108 0/100m1 
0/100ml 
57 108 0/100m1 
57 108 no /ml 
57 108 no /ml 
57 108 no /ml 
57 108 mg/l. 
7 10 4 fTU 
22 60 5.5-9.5 
13 60 1500 us/cm 
7 10 3 TDN 
7 10 3 0DN 
7 10 25 C 
7 10 50 mg/l 
7 10 0.1 mg/l, 
7 10 0.5 mg/l 
7 10 20 Hazen 
7 33 200 ug/l 
23 44 200 ug/l 
7 10 50 ug/l 
2 4 3000 ug/l 
2 4 SO ug/L 
2 4 5000 ug/t 
2 4 ug/l 
2 4 ug/t 
2 4 ug/l 
2 4 ug/t 
2 4 100 ug/l 
2 4 100 ug/l 
2 4 30 ug/l 
2 4 30 ug/L 
2 4 10 ug/t 
2 4 10 ug/l 
2 4 3 ug/l 
2 4 3 ug/l 
2 4 10 ng/l 
2 4 10 ng/t 
2 4 0.200 ug/l 
1 1 400 mg/l 
1 400 mg/l 
1 1 250 mg/t 
1 1 2200 ug/l 
1 1 mg/l 
1 1 5 mg/l 
1 1 1500 ug/l 
1 1 50 ug/l 
1 60 mg/l 
1 30 mg/l. 
1 1 1500 mg/l 
% of Samples No. of Concentration o 
contravening Sartp(es Value 
PCV contraven ing (all samples) 
Min Mean 
1.75 1 0 0 
. 00 0 0 0 
'. 00 0 0 0 
. 00 0 0 1 
. 00 0 0 5 
. 00 0 .1 . 18 
. 00 0 . 18 . 26 
. 00 0 7 7.3 
. 00 0 302 320 
. 00 0 < 1 0 
. 00 0 < 1 .1 
. 00 0 8.4 10.6 
. 00 0 22.6 23.4 
. 00 0 < . 001 . 011 
. 00 0 . 07 . 09 
. 00 0 < 1 0 
14.29 1 < 15 81 
4.35 1 < 10 69 
. 00 0 < 5 0 
. 00 0 < 10 0 
. 00 0 < 5 0 
. 00 0 < 10 0 
. 00 0 .6 .6 
. 00 0 < .5 0 
. 00 0 .9 .9 
. 00 0 .9 1.2 
. 00 0 2.4 2.7 
. 00 0 2.4 2.7 
. 00 0 < .5 0 
. 00 0 0 0 
. 00 0 < .5 0 
. 00 0 .2 .2 
. 00 0 < .2 0 
. 00 0 0 0 
. 00 0 1 0 
. 00 0 0 0 
. 00 0 . 005 . 009 
. 00 0 19 19 
. 00 0 21 21 
. 00 0 13 13 
. 00 0 1159 1159 
. 00 0 < .5 0 
. 00 0 < .5 0 
. 00 0 115 115 
. 00 0 < 5 0 
. 00 0 63 63 
. 00 0 146 146 
. 00 0 238 238 
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Dear Sirs, 
PhD research into Bentonite/Cement grout 
I have been carrying out research into the development of shear strength in 
bentonite/cement grouts using various mixes with water/cement ratios varying from 
4 to 12 and bentonite contents from 5 to 20 per cent by weight of water. The 
bentonite used was Brebent supplied by Laporte Industries Ltd. and the cement was 
OPC supplied by Rugby Cement. I have been measuring the shear strength of the 
grouts using a hand held shear vane at ages from 1 day to 1 year. 
One of the outcomes of the research is that I have developed a relatively simple 
empirical model to predict the vane shear strength of grout mixes at any age up to 
one year and I attach details of this model. 
My supervisor at the University has asked me to Ease with industry to get some 
feedback as to the usefulness of this model and hence this letter to you. 
To assist me, I would be most grateful if you could comment on the following points: 
1. What methods are currently used for mix design and to predict the shear 
strengths of the grouts at different ages? 
2. Do you think that the model reflects the right approach to the problem of 
predicting the shear strength? 
3. Do you think the model as proposed is sensible, useful and acceptable to 
industry? 
4. Are you able to provide some mix details and shear strengths for grout mixes 
within the range that I have been working with to enable me to test the model 
further? 
I hope that you will be able to assist me with this matter and I look forward to 
hearing from you. 
Yours faithfully, 
John Durham 
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The prediction of shear strength for bentonite/cement grouts 
The prediction model is given as the following equation: 
S= 10( °°) t(si'00 
where S= vane shear strength (kN/m2) 
t= age of the grout (days) 
A&B are coefficients which are obtained from contour plots against 
bentonite content as a percentage by weight of water and the 
water/cement ratio 
Example 
To predict the strength of a grout containing say 10% bentonite by weight of water 
and a water/cement ratio of say 6 at 28 days: 
From the contour plots, coefficient A= 92 
coefficient B= 37 
Substuting into the prediction equation, 
predicted vane shear strength S= 100.92 x 280.37 
= 29 kN/m2 
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Bachy Limited 
Foundation Court, 
Godalming Business Centre, 
Catteshall Lane, Godalming, 
Surrey GU71XW 
Tel: 01483-427311 
Fax: 01483-417021 
Our Ref: PJB/eb/9.19/63 75 
Date: 27 August 1996 
John Durham 
Pinehurst 
Deepdene Wood 
Dorking 
Surrey RH5 4BG 
Dear Mr Durham, 
ACHY 
PhD RESEARCH INTO BENTONITE/CEMENT GROUT 
I refer to you letter dated 4 July 1996 addressed to our D Corke. 
I apologise for the delay in replying - the result of a combination of a heavy current workload 
and holidays. Your letter was passed on to the Manager of our central laboratory in Paris, 
Yves Lacour, who has commented as follows: - 
1. 
2. 
General 
Except for special works such as introducing sheet piles or geomembrane panels into 
the bentonite/cement slurry, where a knowledge of short term shear strength is of 
prime importance, we are not particularly concerned by that characteristic. Sometimes 
it is used as an indicative value of the setting time, and to test insitu the slurry where 
coring is impossible. 
We are generally much more interested in the prediction of the unconfined compressive 
strength. If the work has already been done on shear strength (and that work seems 
remarkable) presumably it would be feasible to produce a similar prediction model for 
UCS. 
Answers to your specific questions 
1. Current method for mix design and prediction of strength is by reference to our 
in house databases. 
a 
d), 
V FV e Registered office at: 
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2. &3. Since we do not appreciate the interest of the knowledge of shear strength 
beyond 7 days, we cannot comment on whether or not it is the correct 
approach. The principle is interesting, but there are many different types of 
both cement (some of which contain slag) and bentonite which could 
significantly affect the determination of the coefficients. 
4. Please see attached: 
- results at ages of 1 and 2 days, with the influence of C6NF (retarder) for 2 
amounts of bentonite and 3 amounts of CLK cement (which includes at least 
80% slag). 
- results at I and 4 days for mixes including bentonite, CLK cement, silica fume 
and polyacrylate (dispersant additive). 
I hope that you find the above useful. However, if you wish to discuss the matter further Yves 
Lacour has suggested that you contact him directly: - 
Address BACHY 
LEM 
3, Rue des Voeux Saint Georges 
94 290 VILLENEUVE LE ROI 
Paris 
France 
Phone Switchboard 00 331 49 61 93 50 
Direct line 00 331 49 61 93 20 
ENC 
Yours sincerely 
LEM 
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23 September 1996 
NC/gh/1464 
Laporte Absorbents 
P. BCR 2. %loorfield 
. r55 I'hesh, ro 
V. AS :.. 
. 
'S' 495 V2. - 
: 5' 420108e 
Talex 627725 
Mr J Durham 
Pinehurst 
Deepdens Wood 
Dorking 
Surrey 
RH5 4BG 
Dear John 
Further to your letter of 29 August 1996, I can confirm that Laporte Absorbents have limited 
experience in civil engineering applications and are not able to give further details on mix 
details, sheer strengths for grout mixes etc. 
However, we are very interested in your method for predicting sheer strengths of grouts and 
would be pleased to stay in contact with you as you advance its application in industrial 
applications. The method appears to be based on sound principles. 
Do not hesitate to contact me if we can be of any assistance in future development of this 
technique. 
Yours sincerely 
?. ý,. ý. 
N Clarke 
Applications Manager 
Laporte Absorbents 
f {S : im. C. " "C$"i 0 
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Mr J Durham 
Pinehurst 
Deepdene Wood 
DORKING 
Surrey 
RH54BG 
Dear John 
Direct telephone 01923 664701 
Local fax 01923 664085 
E-mail 
charlesa@bre. co. uk 
Date 10 October 1996 
Your reference 
Our reference 
PREDICTION OF SHEAR STRENGTH FOR BENTONITE/CEMENT GROUTS 
First I apologise for not responding before now. 
Any national approach to the prediction soft grout strengths is of value particularly of low strength 
grouts. 
To address the points in your letter. 
As far as I know mix designs of grouts are entirely empirical based upon libraries of date that 
contractor have obtained from mix trials. Most published data relates to high strength grouts. 
2. The model you propose appears to be reasonable for predictions in the short term, say up to 
90 days, but beyond that I believe the predicted increase is larger than real increases. 
Beyond one year I doubt if there will be any significant increase in strength, but the simple 
power relationship you have used indicates a continuing increase. I think you must 
emphasise the time limit on the model. 
3. I am not sure how much value such a model would be used by industry. It could provide a 
useful first estimate. With your work it is important to emphasise the other variables 
(at 
affect grout strength eg. to material types, especially bentonite, hydration of bentonite, type 
of mixer (hight shear or not temperature. 
4. My experience with cement-bentonite grouts has mainly been with cement bentonite slurries 
used for cut-off walls where the bentonite is mixed in a high shear mixer and left to hydrate 
before being mixed with the cement. The cement is normally a slag/ccment mix. The 
maximum % bentonite used in slurry walls is 5%. 
Contd. 
as 
Building Research Establishment Telephone 01923 894040 
Garston, Watford, WD2 7JR United Kingdom fax 01923 664010 
years of BRE is an Executive Agency 
building research of the Department of the Environment 
Continuation Sheet 1. 
I enclose some data for a slurry wall mix. You can see the relationship between unconfined 
compressive strength and c from the hand vane ie ucs is 4 times the handvane c values. What 
relationship did you get with your results. 
I hope the above is of some use. I think it would be useful for you to publish some of your 
results and see what response you get. 
Yours sincerely 
Paul Tedd 
enc. 
